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ABSTRACT 
ANTHROPOGENIC DRIVERS AND ECOLOGICAL CONCEPTS  
OF ANTIMICROBIAL RESISTANCE 
 
 
Rachelle E. Beattie, M.S., B.S.[H] 
 
Marquette University, 2020 
 
 
 Antimicrobial resistance (AMR) is a ubiquitous global health issue driven by the 
overuse and misuse of antimicrobial compounds in healthcare and veterinary medicine.  
Both natural and built environments have been recognized as reservoirs of antimicrobial 
resistant bacteria, genes, and pathogens but the factors that drive increases in their 
abundance are not well understood, especially in natural environments. The primary goal 
of this work is to characterize the ecological drivers of antimicrobial resistance in 
freshwater ecosystems impacted by intensive livestock farms, known contributors of 
environmental resistance. 
 
 Kewaunee County, Wisconsin served as an ideal study site for the investigation of 
the impact of intensive livestock farming on environmental antimicrobial resistance as 
the county is home to 15 dairy and one beef concentrated animal feeding operations 
(CAFOs) and more than 200 smaller farms. Manure, a known reservoir of antimicrobial 
resistance genes (ARGs) and bacteria (ARB) is collected from these farms and used as 
cropland fertilizer which can enter waterways through runoff events. Surveys of 
Kewaunee County freshwater ecosystems determined that ARGs from multiple classes of 
antibiotics increase temporally, corresponding with the manure fertilization period and 
concentrations agricultural pollutants in Kewaunee County. Manure application and 
runoff also serve as repeated ecological disturbances for sediment microbial communities 
in Kewaunee County. Sediment microbial community composition and function are 
significantly altered by manure runoff and do not return to a pre-disturbance state within 
five months post-disturbance. Additionally, resistance patterns and evolutionary history 
of Escherichia coli from Kewaunee County manure and freshwater ecosystems are most 
similar to one another, indicating possible transmission of bacteria between these two 
sources.  
 
 Experimental investigations were used to identify whether the microbial 
community or nutrients from manure are the primary driver of increased antimicrobial 
resistance in freshwater sediments. Nutrients from manure were identified as the primary 
driver of increased antimicrobial resistance in sediments by fundamentally altering the 
microbial community structure to allow microorganisms that correlate with ARGs to 
proliferate. These results indicate that sterile manure increases ARGs in sediments, 
suggesting nutrient loads are a primary driver of AMR in natural environments and 
necessitating a review of manure fertilization practices. 
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1. CHAPTER 1: INTRODUCTION 
 
1.1 Antibiotic resistance is a global health crisis 
 
The discovery and subsequent industrial development of antibiotic compounds 
revolutionized healthcare in the 20th century. However, despite the efficacy of antibiotics, 
overuse and misuse of these compounds has led to an increase in bacterial antimicrobial 
resistance (AMR), a serious public health concern. In the United States alone, the 
estimated annual impact of AMR includes over 2.5 million resistant infections at an 
economic cost of more than $55 billion2, 3. Efforts to mitigate the spread of AMR have 
been significantly challenged by both the lack of new antibiotics and antimicrobials 
available for use and the speed with which resistance to new antibiotics and 
antimicrobials develops4-6. Resistance to antibiotics introduced in the 1940s and 1950s, 
including penicillin, tetracycline, and erythromycin, developed slowly, with the first 
reported cases of penicillin resistance appearing in the literature in 1965, more than 22 
years after the start of its widespread use7 (note: there is a report dating to 1940 indicating 
the discovery of a bacterial enzyme capable of inactivating penicillin, but this was prior 
to the widespread medical use of the compound8). However, with increasing antibiotic 
use in the clinic, veterinary medicine, and livestock agriculture, selective pressure for 
bacterial AMR has increased exponentially. In the present day, AMR to newly developed 
antibiotics has been identified in clinical infections less than a year after their 
introduction into healthcare9, 10. Increased surveillance, mitigation, and characterization 
of the drivers of AMR is necessary to reduce the spread of bacterial resistance.   
AMR mitigation studies typically focus on clinical or veterinary outbreaks of 
resistant infections (see Downing et al. 2015 and Hata et al. 2016 for examples11, 12). 
2 
 
However, bacterial resistance is inherently interconnected; thus, studies of AMR benefit 
from investigations at the interface of human, animal, and environmental compartments 
using what is considered the “One Health” approach13 (Figure 1-1). Our ability to prevent 
the spread of AMR between compartments has been hindered by limited knowledge of 
the mechanisms of spread between humans, animals, and the environment14, 15. 
Additionally, in natural environments, the study of AMR is more difficult due to a variety 
of factors including the natural capability of microorganisms to produce antibiotics and 
resistance genes (ARG), complex sample matrices, and indiscriminate pollution sources, 
among others14-16. Therefore, detailed studies aimed at understanding the complex 
ecology of AMR in connection with human, animal, and environmental health are 
necessary to mitigate drivers of AMR and slow the spread of resistant infections and the 
burden they place on our healthcare system.  
 
Figure 1-1. Potential routes of transmission of AMR between human, animal, and environmental 
compartments. 
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1.2 The complex ecology of antibiotic resistance  
 
 The ecology of AMR is frequently examined from an epidemiological standpoint 
with a focus on the factors that contribute to the spread of resistant pathogens within the 
human population. However, while AMR can easily develop and spread in clinical 
settings due to elevated antibiotic use, the factors that allow for the maintenance of ARGs 
in bacterial pathogens is often more complex. Ecological interactions that drive the 
development and dissemination of AMR are not solely related to the overuse and misuse 
of antibiotics in healthcare and veterinary settings. Antibiotics produced by bacteria are a 
natural component of many environments, and ARGs have been found in remote, 
uncontaminated areas including pristine mountain rivers and deep-sea hydrothermal 
vents17-19. This indicates that antibiotics and ARGs serve multiple ecological purposes, 
and identifying the role of environmental bacteria in AMR is vital to human, animal, and 
ecosystem health.  
1.2.1 Ecological roles of antibiotics in the environment 
 
Production of antibiotics and the evolution of ARGs is an ancient phenomenon20. 
Environmental bacteria may produce antibiotic compounds as a form of allelopathy, or 
chemical inhibition of other organisms15, 21. Antibiotics may also be used as signaling 
molecules, especially at sub-inhibitory concentrations22. Antibiotic signaling has been 
shown to be particularly effective at inducing biofilm formation thereby altering 
interspecies interactions23, 24. Additionally, most bacteria that produce antibiotics also 
contain the respective ARGs for self-preservation. If these genes can be mobilized, 
nearby neighbors can potentially benefit from the production of antibiotics and associated 
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genes via horizontal gene transfer. Although ARGs are often associated with an 
ecological fitness cost, genes that confer resistance to other toxic compounds including 
heavy metals and organic pollutants can increase bacterial fitness in highly polluted 
environments25, 26. A better understanding of the complex interactions between antibiotic 
producing bacteria and non-producers, including human pathogens, and the ecological 
drivers of ARG proliferation and dissemination is needed to control the spread of AMR.  
1.2.2 The impact of anthropogenic contamination on environmental antibiotic resistance 
and microbial community composition  
 Although bacteria engage in a variety of mutualistic and competitive associations 
that alter environmental levels of AMR, anthropogenic pressures also play a significant 
role in shaping microbial communities and resistance mechanisms27, 28. Antibiotics 
entering the environment provide a selective pressure for sustained AMR and ARGs and 
can originate from a variety of sources including insufficiently treated medical, 
veterinary, and industrial waste, livestock waste from animals treated with antibiotics, 
leaking septic systems, and/or wastewater treatment plant (WWTP) effluents27. In 
addition to providing AMR selective pressures, anthropogenic contamination can also 
serve as a source of novel ARGs as resistance genes can mutate and transfer between 
bacterial taxa within the animal and/or human gut29, especially within those under 
frequent antibiotic treatment. Livestock manure has been identified as a primary source 
of environmental antibiotic contamination as nearly 80% of all antibiotics produced in the 
United States are used for livestock30, and between 25-75% of these antibiotics are 
excreted from the animal unchanged31. Soils, surface waters, and ground water are 
exposed to these unmetabolized antibiotics through multiple routes including direct 
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excretion, manure fertilization of cropland, and rainfall runoff events, and unmetabolized 
antibiotics can remain for months following exposure32, 33.  In addition to increasing the 
environmental concentration of antibiotics and the abundance of ARGs, anthropogenic 
contamination also plays a significant role in shaping microbial communities. 
Microorganisms are widely involved in the biogeochemical cycles that power ecosystem 
processes34, and high diversity and stability with microbial communities is necessary to 
ensure ecosystem functioning. Ecological factors that alter AMR in the environment, 
including anthropogenic contamination as described above, are inherently linked to 
microbial community health and functioning. Thus, it is necessary to study anthropogenic 
impacts on the microbial communities themselves in conjunction with environmental 
AMR. Anthropogenic AMR contamination can alter natural microbial communities in a 
variety of ways including: 1) contributing resistant bacterial pathogens to environments 
where they may proliferate and spread35, 36, 2) facilitating horizontal gene transfer of 
ARGs between commensal bacteria and opportunistic pathogens37, 38, and 3) increasing 
resistant bacterial populations in the environment due to the selective pressure of sub-
inhibitory concentration of antibiotics entering the environment39, 40, among others. These 
events induce changes in the native microbial community composition thereby altering 
biogeochemical cycles and ecosystem functioning. Anthropogenic contamination, 
especially from sources high in AMR, may also contribute AMR pathogens to 
environments in which humans and animals come into contact41, 42, increasing health 
risks and emphasizing the need for interconnected One Health research approaches. 
Studies that account for the role of the environment and human activities in the ecology 
of AMR are necessary to better understand how resistance spreads.  
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1.3 Livestock agriculture and antibiotic resistance  
Livestock agriculture is frequently implicated as a source of environmental AMR 
due to elevated antibiotic use. In the United States, small livestock farms are diminishing 
in favor of concentrated animal feeding operations (CAFOs), or farms that house more 
than 1,000 animal units on site, due to economic and land constraints43. Animals living in 
close quarters are at an increased risk of spreading disease, including ARB; thus, CAFO 
owners use antibiotics liberally43, 44. In 2018, more than 11.5 million kg of antibiotic 
drugs were used in food producing animals in the United States45. These farms also 
produce massive amounts of manure that is frequently used as cropland fertilizer as an 
economic means of disposal. However, using manure as cropland fertilizer enhances the 
movement of ARB and ARGs in the surrounding environment as runoff events from 
fertilized agricultural fields have the potential to transfer contaminants from manure to 
surface water systems46-48. Additionally, seasonal factors such as precipitation, nutrient 
availability, and water flow impact the movement and abundance of contaminants, 
including ARGs and antibiotics residues, in surface waters49.  
For citizens living in close proximity to CAFO farms, surrounding cropland, or 
nearby surface waters, the risk of coming into contact with contaminated environmental 
surfaces is high. Contaminated water is the most likely source of exposure to 
microorganisms from manure in these regions as they easily enter waterways via runoff 
events. Populations living within close proximity may be exposed to opportunistic 
pathogens or ARB from recreational waters through ingestion or contaminated 
groundwater used for drinking47, 50, 51. Additionally, studies have shown that air quality is 
highly reduced in areas surrounding CAFO farms, and recent reports have identified 
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ARB and ARGs in airborne microorganisms near CAFOs52, 53. Thus, CAFO livestock 
farms are ideal for One Health approaches to characterize environmental AMR drivers 
and dissemination mechanisms.  
1.3.1 Field monitoring studies of antibiotic resistance in agricultural environments 
 Field monitoring studies identify the impact of CAFOs on AMR by determining 
the levels of antibiotics, ARGs, and ARB in natural versus CAFO impacted environments 
and the environmental factors that correlate with elevated AMR. Pruden and others17, 54 
have repeatedly found that elevated ARG abundance in freshwater systems is correlated 
to upstream animal feeding operations. Additionally, Rieke et al. (2018)47 identified 
temporal patterns of AMR in runoff from manure amended fields. These temporal 
patterns correlated with flow rate in surface waters. Zhu et al. (2013)33 found elevated 
levels of antibiotics, ARGs, and transposases in swine CAFO manures, indicating that not 
only is the selective pressure for resistance present, but elements necessary for horizontal 
gene transfer are also elevated in livestock manure. Wepking et al. (2017)55 found that 
manure amended versus unamended soils had significantly different AMR levels and 
microbial community composition. Together, these studies indicate that intensive 
livestock farming impacts both the levels of AMR and associated microbial communities, 
but the specific environmental variables driving these changes are more challenging to 
identify. While field monitoring studies provide the basis for understanding AMR risk in 
different environments, experimental studies are needed to make direct associations 
between environmental variables and AMR levels.  
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1.3.2 Mesocosm manipulation experiments of antibiotic resistance driven by agricultural 
factors 
 Mesocosm studies provide a means for manipulating experimental variables in a 
controlled environment at a variety of scales from benchtop experiments to full-scale 
field experiments. These studies further our understanding of the mechanisms of AMR 
spread and the impact on microbial community composition. Laboratory mesocosm 
studies have found that antibiotic amendments combined with artificial root exudates (a 
nutrient source) increase the antibiotic tolerant microbial community in soils56. This 
result was supported with evidence from a field mesocosm study in which rhizosphere 
bacterial communities treated with manure containing antibiotic residues showed 
increased levels of sulfonamide resistance genes over time compared the bulk soil, 
indicating that the difference in nutrient content plays a role in AMR survival and 
proliferation57. These results suggest that low antibiotic concentrations from manure 
select for resistant populations in the environment, and nutrient content of soils helps 
promote the spread of ARGs over time. A landmark mesocosm study from Udikovic-
Kolic et al. (2014)58 supports these results as they found that ARGs can accumulate in 
soils from manures that do not contain antibiotics from animals with no history of 
antibiotic treatment, indicating that the nutrient content of manure promotes proliferation 
of the natural ARB present in the environment. Studies such as these provide strong 
evidence for nutrient content, including carbon, nitrogen, and phosphorus, as a primary 
driver of environmental AMR. A recent mesocosm study by Perez-Valera et al. (2019)59 
further tested the relationship between nutrient content and AMR by investigating the 
differences in AMR within soils treated with manure versus laboratory nutrient controls. 
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They found that laboratory nutrients did not stimulate the proliferation of ARGs 
compared to manure in soils; however, this study did not control for the native manure 
ARG abundance, so the results may be skewed59. These studies provide strong evidence 
for manure nutrient content and background antibiotic concentration as drivers of AMR 
in the environment.  
1.4 Pure culture and community scale studies of antibiotic resistance 
 An important consideration for AMR studies is the ecological level at which the 
studies are conducted. Pure culture studies of one bacterial species or strain are common 
(and necessary) in healthcare, especially for ARB outbreaks. Pure culture studies can also 
be beneficial for the One Health approach to investigate the movement of resistant 
bacteria pathogens between human, animal, and environmental compartments60, 61. With 
the advent of whole genome sequencing, identifying evolutionary relatedness between 
single species isolates, ARGs, and mobile genetic elements is feasible. However, 
population and community-based studies also provide important insights on the effects of 
AMR. At the community level, the impacts of AMR on ecosystem processing can be 
better observed and are more representative of microorganisms in the environment than 
those that focus on a single species62. A combination of pure culture and community-
based studies provide better information on the spread of AMR in the environment.  
Escherichia coli, a fecal indicator bacterium, is widely used for single species 
studies of the transmission of AMR between and within different compartments as it is 
both an abundant intestinal bacterium found in most mammals and capable of surviving in 
natural environments63. The huge amount of genetic diversity within E. coli strains based 
on evolutionary history and ecological niche make them the ideal bacterium to study AMR 
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as they can be differentiated based on isolation source and genetic background64, 65. 
Antibiotic resistant E. coli have frequently been isolated from concentrated livestock farm 
animals as well as the surrounding environment but are rarely associated with both one 
another and clinical isolates within the same geographic region66-68. Similarities in ARB 
phenotypes, genetic determinants, and transmission vectors between E. coli isolates from 
humans, animals, and natural environments can help to identify hot spots of resistance as 
well as possible points for mitigation.  
Studies of the impact of AMR on microbial community composition can 
complement pure culture studies and provide additional insight on functional changes 
induced from AMR spread. For example microbial community studies have found that 
antibiotic treatment alters nitrous oxide and dinitrogen production in soils69, changes 
turnover rates of iron in soils70, 71, and decreases enzymatic activity, although this effect 
may be strongest immediately following contamination72, 73. Together, these effects alter 
the biogeochemical processes regulated by microbial communities in environmental 
systems. Additionally, antibiotic contamination creates selective pressure which has been 
shown to favor antibiotic tolerant or resistant communities40, thereby contributing to the 
spread of AMR across contaminated environments.  
1.5 Ecological concepts of resistance, resilience, and alternative steady states in relation 
to anthropogenic contamination and antibiotic resistance 
From an ecological perspective, anthropogenic contamination events of natural 
environments are termed “disturbances”. Disturbance events are classified by their 
duration of impact as either pulse (short-term, acute) or press (long-term, continuous) 
disturbance74. Disturbance is a primary factor in microbial community structure and 
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diversity74, 75, and microbial community stability is crucial for maintaining ecosystem 
functioning. The impact of disturbance on microbial ecosystems can be measured by two 
factors: resistance, or the degree to which a community can withstand and remain 
unchanged by disturbance, and resilience, or the rate at which a community returns to a 
pre-disturbance compositional state74, 76. Microbial communities that do not return to pre-
disturbance conditions are considered to have reached an “alternative steady state” and 
may indicate that the functional capability of these communities is permanently altered74. 
Measuring changes in microbial community composition following anthropogenic 
disturbance, including AMR disturbance, helps predict ecosystem functioning and 
health77, 78.  
The responses of microbial communities to disturbance are dependent on multiple 
interrelated factors including the type, number, length, and severity of disturbance79. 
Several studies report high sensitivity of microbial communities to antibiotic 
disturbance80, 81; however, many of these studies that directly calculate resistance and 
resilience are based on gut microbiota in mouse models. The resilience of native 
microbial communities following natural disturbance in the environment (such as manure 
fertilization of cropland) is still largely unexplored as most reports are based on 
controlled laboratory experiments82, 83. Understanding of the impact of antibiotic 
disturbance on the resistance and resilience of microbial community composition is 
necessary to evaluate ecological and human health risks, as resistant and resilient 
microbial communities tend to be more diverse, functionally redundant, and better able to 
resist influxes of pathogenic organisms and chemical pollutants74, 76. 
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1.6 Applicability of ecological concepts of antibiotic resistance in built environments 
The concepts summarized above focus on the spread of AMR in natural environments 
and the ability of environmental variables to contribute to resistance in human and animal 
compartments. However, built environments are governed by the same microbial ecology 
concepts of AMR as natural environments; thus, identifying drivers of AMR at the 
species and community level will provide insights into the mechanism of spread within 
built environments as in natural settings. Recent studies have found that a loss of 
diversity within built environments correlates with increases in AMR84, similar to our 
understanding of diversity and functionality in natural environments. Built environments 
meant to handle human waste including WWTPs may also contribute a variety of gut 
microbiota, including potential pathogens and ARGs, to the natural environment, similar 
to runoff from CAFO farms (although on a much smaller scale due to waste treatment)85. 
Identifying similarities and differences of drivers of resistance in microbial communities 
within built versus natural environments is necessary to form a broad understanding of 
AMR. Additionally, built environments promote intermixing of human, animal, and 
environmental bacteria that are unlikely to come into contact with one another in natural 
environments86, similar to the impacts anthropogenic contamination has in natural 
environments but at a much more concentrated scale. Together, this indicates that the 
concepts used to study environmental AMR and the One Health approach can also be 
used to study built systems, especially those with elevated AMR such as WWTPs and 
sewers.  
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1.7 Objectives of this dissertation  
The overarching objective of this dissertation is to identify ecological drivers of both 
AMR and microbial communities in an area of intensive livestock farming. In Chapter 2, 
field monitoring studies are used to identify the presence of ARGs and their temporal and 
spatial drivers in freshwater ecosystems impacted by CAFO manure runoff. I hypothesize 
that ARG abundance in freshwater ecosystems is temporally impacted in association with 
the CAFO manure fertilization period, and increases in ARGs are driven by the increase 
in nutrient concentration during these time periods. In Chapter 3, a single species study of 
E. coli isolates from clinical, environmental, and manure sources collected from the same 
geographic region and timeframe are analyzed for phenotypic and genetic associations 
using the One Health approach. I hypothesize that E. coli isolates from the three 
compartments will be clearly associated based on genetic background and will share 
multiple phenotypic traits due to the close interaction of humans, animals, and the 
environment in the region of isolate collection. In Chapter 4, concepts of resistance and 
resilience are integrated into a year-long study of microbial community composition and 
function following CAFO manure fertilization disturbance. I hypothesize that sediment 
microbial communities within watersheds highly impacted by intensive CAFO 
agriculture will be resilient to press, or long-term and persistent, disturbance from manure 
fertilized agricultural land runoff due to long-term stress and adaptation to pollutants in 
the region, but microbial community composition will shift seasonally during the manure 
fertilization period altering functional potential of the sediment ecosystem. In Chapter 5, 
the impact of nutrients and subinhibitory concentrations of antibiotics on AMR in 
freshwater sediments are investigated using a multipronged mesocosm experiment. 
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Nutrients from sterile manure or inorganic chemicals at concentrations similar to those 
found in freshwaters contaminated with manure runoff are evaluated for their potential to 
alter ARG abundance, microbial community composition, and microbial community 
function compared to control sediments with or without the addition of subinhibitory 
concentrations of antibiotics. I hypothesize that nutrients from sterile manure and 
inorganic chemicals will equally increase ARGs in freshwater sediments, indicating that 
nutrients, not the microbial community, from manure drive ARG proliferation. 
Additionally, the addition of subinhibitory concentrations of antibiotics to either of these 
treatments will additionally increase the abundance of ARGs beyond the effect from 
nutrient addition alone. Microbial community composition and function will be altered by 
each treatment, with taxa that correlate with ARGs enriched in nutrient amended 
mesocosms. This effect will be more pronounced for mesocosms with combined nutrient 
and antibiotic amendments. In Chapter 6, ecological AMR concepts are applied to the 
built environment through an investigation of microbial communities and AMR in a 
wastewater treatment plant system and downstream receiving sediments, demonstrating 
the ability to apply microbial ecology concepts broadly across natural and built 
environments. The objective of this study is to incorporate molecular and traditional 
culture-based microbiological techniques to identify the contribution of hospital and 
municipal sewage to the abundance of ARB and potential pathogens in the surrounding 
environment by evaluating single-species and whole microbial community composition 
throughout the WWTP.  
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2. CHAPTER 2: AGRICULTURAL CONTAMINATION IMPACTS ANTIBIOTIC 
RESISTANCE GENE ABUNDANCES IN RIVER BED SEDIMENT 
TEMPORALLY           
 
 
2.1 Introduction 
Antibiotic resistant bacteria (ARB) and antibiotic resistant genes (ARGs) are 
recognized as emerging environmental contaminants, and characterizing environmental 
reservoirs of these contaminants is necessary to better understand what impact they might 
have on human health17, 87-89. ARGs are a natural component of many environmental 
bacteria genomes and serve as a defense mechanism against antibiotics. However, 
increased anthropogenic activity has significantly altered the presence and abundance of 
ARGs in a variety of commensal and pathogenic bacteria, especially in regions with high 
antibiotic input such as wastewater treatment plants, healthcare, and agriculture26, 47, 90, 91.  
Antibiotics are used in livestock farming for disease treatment and prevention. 
These antibiotics select for ARB within the animal gut promoting the dissemination of 
ARGs into the environment from manure, increasing the likelihood that resistant bacteria 
(and associated genes) will enter soils, surface waters, and groundwaters58, 92-94. Although 
measurable antibiotic concentrations in the environment are typically low, recent 
evidence indicates that resistant bacteria are positively selected even at very low 
concentrations40. In these ways, both antibiotics and ARGs can enter the environment, 
proliferate through horizontal gene transfer in environmental bacteria, and disseminate 
beyond livestock feeding areas95-97. 
Using manure as cropland fertilizer enhances the movement of ARB and ARGs as 
runoff events from fertilized agricultural fields have the potential to transfer contaminants 
from manure to surface water systems46-48. These runoff events create non-point sources 
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of pollution, making mitigation strategies difficult. Additionally, seasonal factors such as 
precipitation, nutrient availability, and stream velocity impact the movement and 
abundance of contaminants such as ARGs and antibiotic residues in surface waters49. 
Characterizing the impact of agricultural non-point source pollution on ARG 
dissemination and abundance in surface water ecosystems is useful for monitoring how 
large-scale farming impacts environmental reservoirs of antibiotic resistance.  
 In this study, we aimed to understand the relationship between manure 
fertilization, pollutant concentration, and ARG abundance by using a combination of 
chemical, microbiological, and molecular techniques to characterize surface water 
ecosystems in Kewaunee County, WI. Kewaunee County is an agricultural region 
dominated by concentrated animal feeding operations (CAFOs), or farms that confine 
more than 1000 animal units on site for a minimum of 45 days. Farmers in Kewaunee 
primarily manage manure waste through seasonal cropland fertilization. Kewaunee 
County citizens are concerned that excessive manure fertilization is contaminating area 
groundwater, their primary drinking water source. A 2017 study by the Wisconsin 
Department of Natural Resources found that 79 of 131 tested wells in Kewaunee County 
contained bacteria. Of those, 40 were contaminated with fecal bacteria of cattle origin, 
but the remaining 39 were contaminated with bacteria of an unknown or human origin98. 
As such, the primary source of contamination in Kewaunee County waters remains 
unclear, and little is known about the abundance of emerging contaminants, such as 
ARGs. We hypothesized that ARG abundance in Kewaunee County surface waters is 
influenced by CAFO farming and manure fertilization contamination. A county 
ordinance restricts application of manure to cropland during the frozen ground period of 
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January 1-April 15th. Therefore, we predicted increases in contaminant load and ARG 
abundance in surface water systems on a temporal scale associated with the agricultural 
growing season. Differences in individual ARG abundances are expected with genes 
encoding resistance to commonly used agricultural antibiotics predicted to be highest in 
abundance. Results from this study will provide a better understanding of the impact of 
agricultural practices on surface water ecosystems and provide data for manure 
management policy decisions in Kewaunee County.  
 2.2 Materials and Methods 
2.2.1 Site Description and Data Collection 
Kewaunee County, Wisconsin is an agricultural region with 175,449 acres of 
farmland comprising nearly 100,000 cattle99. As of 2015, the total human population of 
Kewaunee County was just over 20,000 individuals (9 individuals/km2), meaning cattle 
outnumber humans 5:1. Three primary surface water systems are located in Kewaunee 
County: the Ahnapee River in the north, the Kewaunee River in the middle, and the East 
Twin River in the south. These three rivers and their corresponding watersheds 
encompass 1 beef and 14 dairy CAFOs present in Kewaunee County and as such are 
useful for evaluating the impact of large-scale farming on the dissemination and 
abundance of ARGs (Figure 2-1, Kewaunee County CAFOs). Originally, 20 “high 
impact” sites (sites within watersheds comprising CAFO farms) were chosen for seasonal 
monitoring at public access locations along the three listed rivers (Figure 2-1, Table S2-1; 
Kewaunee River Watershed Sites, Ahnapee River Watershed Sites, East Twin River 
Watershed Sites). Three additional “low impact” sites in Door County, Wisconsin, were 
selected to ascertain ARG abundance at sites with agricultural impact from small farms 
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only (no CAFO impact) and similar geologies (Figure 2-1, Door County Sites). Two 
manure samples from Kewaunee County were also collected in May 2017. Dissolved 
oxygen and pH were measured in water samples in the field (Mettler Toledo pH/ion 
Meter). Surface water (in 1 L acid-washed amber bottles) and grab sediment samples 
(transferred to Fisherbrand sterile sampling bags) were collected at one sampling 
timepoint each during July, September, and October 2016 and February and May 2017. 
Samples were transported on ice and stored at 4°C for up to one week. Surface water 
samples were vacuum filtered in 150-250 mL aliquots through 0.22 µM mixed cellulose 
esters membrane filters (47 mm diameter, type GSWP, Millipore, Bedford, MA). 
Sediment samples were homogenized after removing debris and pebbles and subsampled 
directly. Replicate filters and sediment samples were stored at -20°C until DNA 
extraction.  
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2.2.2 DNA Extraction and quantitative-PCR 
 DNA was extracted from 0.5 g of dry weight sediment using the DNeasy 
PowerSoil Kit (Qiagen) according to manufacturer instructions and from water using an 
in-house protocol as described previously for groundwater100 with the following 
 
Figure 0-1. Sampling sites and concentrated animal feeding operations (CAFOs) within 
Kewaunee and Door counties, Wisconsin.  
Sampling sites are denoted by symbols differentiating their watersheds: Kewaunee 
River Watershed (purple triangle), Ahnapee River Watershed (blue triangle), East 
Twin River Watershed (yellow triangle), and door county sites (black pentagon). 
CAFO locations are denoted by red circles and were locationally identified via public 
permit access through the Wisconsin Department of Natural Resources.  
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modifications: Following liquid nitrogen freezing, tubes containing filters were vortexed 
for 20 seconds and incubated in a dry bath (80°C) for 5 minutes. Samples were then 
cooled on ice and centrifuged for 10 minutes at 20,000 × g. A 3 µL volume of 50 mg/mL 
RNAse A was added, and samples were then incubated for 30 minutes at 37°C followed 
by a 5 minute cooling on ice. Next, 10 µL of 10% sodium dodecyl sulfate solution was 
added followed by 120 µL of Protein Precipitation solution (Promega). Samples were 
again incubated on ice for 5 minutes followed by a 10 minute, 20,000 × g centrifugation 
step. Sample supernatants were then transferred to a microconcentrator column (Vivaspin 
500; Sartorius), washed with TE, and reduced to a final volume of 50 µL. SYBR Green 
chemistry was used for all qPCR assays. Genes associated with antibiotic resistance were 
selected for this study on the basis of: 1) genes conferring resistance to antibiotics 
frequently used in agriculture such as tetracycline resistance protein TetW (tet(W)) and 
macrolide resistance ErmB protein (erm(B)); 2) genes associated with mobile genetic 
elements or gene cassettes such as Class 1 integrase (intI1) and Dihydropteroate synthase 
(sulfonamide resistance gene sul1); 3) genes conferring resistance to clinically important 
antibiotics with limited use in agriculture such as Quinolone resistance determinant QnrA 
(qnrA). In total, six genes were quantified: ARGs tet(W), erm(B), sul1, and qnrA; clinical 
Class 1 integron-integrase gene intI1, and 16S ribosomal RNA genes as a proxy for total 
bacteria.  
All genes were quantified in duplicate on a Real-Time PCR System (Bio Rad 
CFX Connect) from two separate DNA extractions per sample and averaged for total 
gene abundance (four reactions total per sample). Primers and cycling conditions used in 
this study are listed in Table S2-2. qPCR reaction mixtures contained 15 uL of Master 
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Mix (10 uL Applied Biosystems® SYBR Green MM, 2 uL of 10 nM each F/R primers, 3 
uL H2O) and 5 uL of of 4 ng/uL gDNA. Standard curves were generated by cloning full 
length, amplified antibiotic resistance genes into a pGEM T-Easy vector (Promega) and 
confirming insertions via Sanger sequencing. Seven-point standard curves and no-
template controls were present in duplicate for each PCR run. Limits of quantification for 
each gene were as follows: erm(B)= 15 copies, tet(W)= 11 copies, sul1= 41 copies, 
qnrA=120 copies, and intI1=42 copies per gram of sediment or 100 mL of surface water. 
Quality control for qPCR reactions included optimizing the gDNA dilution necessary to 
minimize inhibition from co-extracted contaminants, melting-curve analysis for each run, 
and reamplification of duplicate samples containing more than 0.5 Ct value variance.  
2.2.3 Measurement of Additional Environmental Variables 
 Nitrate and phosphate concentrations within unaltered surface water samples were 
measured using Ion Chromatography (Dionex ICS-1100, Thermo Scientific). 
Pharmaceuticals, personal care products, and hormones within collected surface water 
samples were extracted by solid phase extraction methods and analyzed by liquid 
chromatography tandem mass spectrometry (LC/MS/MS) as described in detail 
elsewhere101. Metal concentrations in 0.5 g dry-weight sediment samples (May 2017 
only) were measured using inductively coupled plasma mass spectrometry (ICP-MS) 
after digestion with concentrated nitric acid. Fecal indicators, total coliform bacteria, and 
E. coli present in 100 mL of unaltered water sample were measured within 24 h of 
sample collection using the USEPA approved Colilert Quanti-Tray®/2000 Method102.  
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2.2.4 Geospatial Analysis 
 For each Kewaunee River Watershed Site (Figure 2-1), the total watershed 
drainage area was calculated by first downloading a 30 m digital elevation model (DEM) 
from the national elevation data set (NED) of the US Geological Survey. Next, the 
watershed boundaries were delineated by using the hydrology toolbox in ArcGIS version 
10.4 (ESRI Inc., Redlands, California) and the total acreage area draining into each site 
was calculated. Direct, linear overland distance to nearest upstream CAFO was calculated 
using the drawing tool Google Earth Pro with reference to the delineated watersheds. 
2.2.5 Statistical Analyses  
 Data manipulation and statistical analyses were completed in PRIMER-E version 
7 with the PERMANOVA+ add on package and R version 3.3.2. Data were fourth root 
transformed for use in all statistical analyses to stabilize variance from multiple low or 
zero values103. No detection values of measured genes were calculated by using the 
standard formula LOD/2104, 105. Using R software, missing data were imputed using the 
predictive mean matching method within the package mice. Redundancy Analysis, 
Student’s t-test, and ANOVA were also completed in R. PRIMER-E (v7) with the 
PERMANOVA+ add on package was used to compute clustering analysis to assess 
similarity between samples106. For this purpose, a resemblance Bray-Curtis similarity 
matrix was constructed. Cluster and SIMPROF analysis were used to study the true 
structure within the data. The SIMPROF analysis examined pairs of samples in each 
cluster, where observed similarity (non-significant difference) is larger than expected by 
chance (red branches) with parameters of 999 permutation and 5% significance. The 
PERMANOVA+ add on package was used to test for differences in ARG and 16S rRNA 
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gene abundances based on time, phase, and location factors followed by post-hoc t-tests 
to determine pairwise differences. Following recommendations of Clarke and Gorley106, 
permuted calculations of p were used when unique permutation values were >100 and 
Monte Carlo calculations of p were used when unique permutations were <100.  
2.3 Results 
2.3.1 Abundance of pollutants and ARGs in Kewaunee County surface waters and 
sediments 
 Surface water (n=101) and bed sediment (n=93) were sampled at a total of 20 
sites impacted by CAFO farming and manure fertilized cropland (“high impact”) during 
five time points in 2016-2017 and three sites with no impact from CAFO farming (“low 
impact”) in May 2017 only. Sampling sites were predominately located on the Kewaunee 
River (n=14), but also included the Ahnapee River (n=4), East Twin River (n=2), and 
Door County sites (n=3). Additional information for all sites including watershed 
descriptions and geographic locations is available in Table S2-1.  
Five antimicrobials and antibiotics, seven hormones, and eight personal care 
products and pharmaceuticals were measured in surface water samples (Tables S2-3 to 
S2-5). Of the five measured antimicrobial and antibiotic agents, only two were detected 
at more than one timepoint (triclocarban and triclosan) and these were at low 
concentrations (all <35 ng/L, most <5 ng/L). This result was not unexpected as 
environmental water samples typically contain minimal concentrations of antibiotic 
compounds107, 108. Personal care products and hormones that were detected during at least 
two sampling dates included caffeine, fluoxetine (an antidepressant), and the hormone 
esterone-3-sulfate; however, pharmaceuticals acetaminophen, ibuprofen, carbamazepine, 
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gemfibrozil, naproxen, and the hormone 17β-estradiol were also detected during at least 
one sampling period. No personal care products or hormones were present at all sampling 
sites except caffeine.  
 Additional nutrient and contaminant measurements included nitrate ions (N), 
phosphate ions (P), coliform bacteria, E. coli, and metals (Tables S2-6 to S2-9). Of these, 
N and P (two indicators of nutrient load) were consistently present at concentrations 
above the USEPA limit for drinking water for N (10 mg/L109) and the USEPA and WI 
EPA recommendation for P in surface water (0.05 mg/L110). E. coli were also consistently 
present at concentrations above the EPA recommendation for recreational water (126 
CFU/100 mL111). Fecal contamination indicators (coliform bacteria and E. coli) were 
present at all sampling sites for all measured timepoints. Although metals were measured 
in May 2017 sediment samples only, elevated concentrations (>300 ppm) of Mg and Ca 
(background levels in surface waters in Wisconsin are 12 and 8 ppm, respectively112) 
were present at multiple locations in the Kewaunee County watersheds.  
 Median absolute (normalized per g wet sediment or 100 mL water) and median 
relative abundance (normalized per 16S rRNA gene copies per g wet sediment or 100 mL 
water) of each gene measured within water and sediment samples of Kewaunee, 
Ahnapee, and East Twin River watersheds are displayed in Figure 2-2 (n=20 per 
timepoint). Absolute abundance of 16S rRNA gene copies in the 20 “high impact” sites 
ranged from log 8.48-10.76 per gram wet sediment and log 5.58-8.32 in 100 mL surface 
water, and absolute abundance of ARG and intI1 (excluding outliers) ranged from log 
3.53-6.59 per gram wet sediment and log 0.89-3.67 in 100 mL surface water (Tables S2-
10, S2-11). In the three “low impact” site samples collected in May 2017 only, absolute 
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abundance for the 16S rRNA gene copies ranged from log 8.90-9.53 and log 5.40-6.76 
per gram wet sediment and 100 mL surface water, respectively, while ARG and intI1 
copy numbers ranged from log 3.34-4.65 and log 0.74-3.97 per gram wet sediment and 
100 mL surface water, respectively. On an individual gene basis, the highest mean 
relative abundance for all ARGs and intI1 in sediment were measured in September 2016 
and October 2016, while the highest mean abundance of 16S rRNA genes in sediment 
was measured in July 2016 and May 2017. In surface water samples, the highest mean 
relative abundance was more variable; September 2016 and February 2017 contained the 
highest values for erm(B) and tet(W), July 2016 and May 2017 for qnrA, and July 2016, 
October 2016, and February 2017 for sul1, while the highest abundance of 16S rRNA 
genes in surface water was measured in September 2016 and October 2016. On the year-
long scale, no significant differences were found between individual gene abundance in 
sediment; however, qnrA, sul1, and intI1 gene abundances in surface water were 
significantly higher than erm(B) and tet(W) (ANOVA, post-hoc t-test, p<0.01). Relative 
abundance of ARGs and intI1 in the three “low impact” site samples were not 
significantly different than the “high impact” sites in May 2017 samples (Student’s t-test, 
p>0.05).  
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Manure samples, also collected in May 2017 only, contained 16S rRNA gene 
copies with a mean of log 10.44 and ARGs and intI1 with a range of log 4.95-8.38 gene 
copies per gram of manure. The relative abundance of ARGs in sediment and water were 
significantly different (Student’s t-test, p<0.001) with sediment samples containing, on 
average, two orders of magnitude higher gene copies of ARGs. In the manure samples, 
the mean relative abundance of ARGs was higher than in sediment samples for the 
following genes: erm(B) (1,000 fold higher), tet(W) (10 fold higher), sul1 (100 fold 
 
Figure 0-2. Distribution of absolute (per gram wet sediment or 100-mL surface water) and 
relative (normalized per 16S rRNA gene) gene abundances. 
Log-transformed gene abundance are shown for 20 sites during five sampling 
timepoints: July 2016 (blue), September 2016 (red), October 2016 (green), 
February 2017 (purple), and May 2017 (yellow) for A) absolute abundance of bed 
sediment, B) absolute abundance of surface water, C) relative abundance of bed 
sediment, and D) relative abundance of surface water. Tukey-style whiskers are 
shown for all genes with sample size n=100. 
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higher), and intI1 (100 fold higher). However, qnrA gene abundance was 10-fold higher 
in sediment samples than manure samples.  
2.3.2 Temporal differences of ARG abundance are present in surface water and sediment 
Absolute and relative ARG values displayed in Figure 2-2 suggest that patterns in 
ARG abundance are present in Kewaunee County sediment and surface water. To 
identify patterns in gene abundance, the relative ARG abundance of Kewaunee River 
watershed sites (n=14) was analyzed using hierarchical clustering analysis. A strong 
temporal separation in both sediment and water samples was observed with July, 
September, and October sampling sites forming one cluster and February and May 
sampling sites forming another (Figure 2-3). This result suggests that ARG abundance 
varies temporally in the Kewaunee River, and the observed clustering corroborates with 
the highest abundances in sediment found during the manure application period (July, 
September, and October samples) and the highest abundances in water found during the 
frozen period (February) or immediately after the start of Kewaunee County’s manure 
application ordinance (May). Data were additionally analyzed using PERMANOVA on 
the basis of location (spatial), time (temporal), and phase (environmental matrix) factors 
to determine if any significant relationships within or between factors were present. 
PERMANOVA results indicated that time and phase differences were significant 
(p=0.0001). Spatial differences, while significant in combination with the other factors, 
were minimal upon further analysis. In sediment samples, the relative ARG abundances 
of all sampling months were significantly different from one another (p<0.01) with the 
exception of July 2016 and February 2017 samples. In surface water, only July 2016 and 
May 2017 relative ARG abundances were significantly different from all other months 
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(p<0.01). Together these analyses suggest that temporal patterns are present in the ARG 
composition of both sediment and surface water samples from Kewaunee County.  
 
 
To determine if observed temporal differences in the ARG abundance of 
Kewaunee River sampling sites were due to true differences in ARG abundance or only 
due to seasonal changes in bacterial populations, we performed PERMANOVA on 
absolute ARG abundances normalized to either one gram of sediment or 100 mL of 
surface water (n=20 per site). The temporal differences identified in the clustering 
analysis remained statistically significant (PERMANOVA; p=0.001) when all 20 “high 
impact” sites were included, regardless of normalization method. However, differences in 
sampling month containing the highest mean abundance of individual ARGs were 
identified in surface water samples based upon the normalization method. For example, 
mean relative abundances of all ARGs in surface water were found to be the highest in 
 
Figure 0-3. Hierarchical clustering analysis of the Bray-Curtis similarity of the relative 
abundance of ARGs in A) sediment samples and B) surface water samples of the Kewaunee River 
watershed (n=14) during five sampling timepoints between July 2016 and May 2017. 
The SIMPROF analysis examined pairs of samples in each cluster, where observed 
similarity (non-significant differences) is larger than expected by change (true 
differences, red branches) indicating true temporal differences between early and late 
fertilization season and ARG abundance. 
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May 2017 samples (in addition to a variety of other months based upon individual gene), 
but mean absolute abundances in May 2017 were only the highest for qnrA. In sediment 
samples, the highest mean relative and absolute abundance of ARGs were both found in 
September 2016 and October 2016. These results suggest that the pattern of high ARG 
abundance in the summer and fall months and low ARG abundance in the winter and 
spring months is a real trend in Kewaunee sediments; however, surface waters have a 
present but less defined pattern.  
2.3.3 Environmental factors influence ARG distribution  
 In addition to identifying trends in ARG abundance associated with the Kewaunee 
County manure application ordinance, underlying correlations between environmental 
factors and ARG distribution were analyzed. In this study, factors chosen were either 
seasonal variables or site characteristic variables and included: nitrate ions (N), phosphate 
ions (P), E. coli, coliforms, overland distance to nearest upstream CAFO (CAFO 
distance), total watershed accumulation land area (Watershed Accumulation), dissolved 
oxygen (DO), and pH. Redundancy analysis was used to analyze the effect of these eight 
factors on the five measured genes in both sampling matrices (Figure 2-4). Permutation 
analysis of the model determined that the relationship between the eight factors and five 
ARGs was significant (p=0.003) with RDA1 explaining 32.71% and RDA2 explaining 
15.19% of the total variation. The resulting RDA plot indicated three major axes of 
correlated variables: Axis 1 consisting of a positive correlation with E. coli, coliforms, 
and nitrate ions; Axis 2 consisting of a positive correlation with phosphate ions and pH 
and a negative correlation of these two variables with distance to upstream CAFO; and 
Axis 3 consisting of a positive correlation between dissolved oxygen and total watershed 
30 
 
accumulation area. Genes intI1 in water and tet(W) in both matrices were positively 
correlated with Axis 1 environmental variables. Genes sul1 (both matrices), erm(B) (both 
matrices), and intI1 in sediment were positively correlated with the distance to upstream 
CAFO. qnrA genes in sediment and water matrices were negatively correlated with one 
another, with qnrA genes in sediment positively correlated with Axis 3, and qnrA genes 
in water positively correlated with phosphate ions and pH.  
 
Figure 0-4. Redundancy analysis (RDA) biplot on fourth root transformed data for the 
quantitative correlation between environmental and site specific variables (explanatory) and the 
distribution of ARGs in sediment and surface water samples (response). 
Explanatory variables are represented as vectors while response variables are 
represented as points. Type II scaling was utilized to determine the correlations 
between explanatory and response variables.  
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 To further explore the temporal trends of ARGs identified in clustering and 
PERMANOVA analyses, an RDA that included sampling month as an explanatory 
variable was also performed (data not shown). ARGs in sediment were positively 
correlated primarily with distance to upstream CAFO, dissolved oxygen, and September 
and October 2016 samples. This result supports previous sediment temporal trend 
conclusions in which the highest ARG abundances in sediment were found in September 
and October 2016 samples.  
2.4 Discussion 
In this study, our goal was to characterize the chemical and ARG profiles of 20 
surface water locations in Kewaunee County to better understand the relationship 
between agricultural contamination and ARG abundance on a year-long scale. We 
identified multiple contaminants including nitrates, phosphates, E. coli, and coliforms at 
most sites during all seasons which strongly suggests non-point source agricultural 
pollution is impacting surface waters in Kewaunee County. Additionally, a positive 
correlation between distance to nearest upstream CAFO location and multiple ARGs was 
identified, indicating that as the distance to the CAFO increases, so do the ARG 
abundance values, while a negative correlation was found between phosphate ions with 
distance to upstream CAFO and multiple ARGs (Figure 2-4). This result also supports 
non-point source pollution via cropland manure spreading as the major source of 
contamination in Kewaunee County rather than a point source (or factors associated with 
point sources such as phosphates) from individual CAFO farm locations. Significant 
differences in individual gene abundance were present in surface water samples with 
qnrA, sul1, and intI1 genes found in significantly higher abundance than erm(B) and 
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tet(W). Although no significant differences were present between individual genes in 
sediment, all measured gene abundances were significantly higher in sediment than 
surface water samples. Our results also suggest that temporal differences in ARG 
abundance are present and are linked to seasonal agricultural contamination associated 
with the manure application ordinance. Samples collected during the specified manure 
application period in Kewaunee County contained, on average, higher ARG copy 
numbers (particularly in sediment) regardless of normalization method (absolute or 
relative, Figures 3-4). and these differences were statistically significant 
(PERMANOVA).  
Antibiotic resistance genes were present at most locations during all seasons. No 
significant differences were identified in gene abundance between “high” and “low” 
impact sites; however, this is likely a limitation of sampling the “low impact” sites during 
one timepoint only. Relative gene abundances for sul1 (10-5- 10-2 gene copies/16S rRNA 
copies) were similar to ranges found in other surface water ecosystems impacted by 
agriculture17, 113. intI1 gene abundances have traditionally been measured in wastewater 
treatment plants, soils, or manure holding lagoons, but we did find that our measured 
values were similar to other studies of contaminated sites114, 115. Although tet(W) values 
were typically lower than other measured genes in this study (10-7-10-4 gene copies/16S 
rRNA copies), similar results were reported by Pruden et al.17, 54 in the presence of 
measurable tetracycline in surface water. Notably, September and October 2016 
sediments contained tet(W) copy values in the range of 10-7-10-4 gene copies/16S rRNA 
copies, 10-100 fold higher than other contaminated sediments and 100-1000 fold higher 
than reported background values in sediments17. Additionally, tet(W) genes in sediment 
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and surface water correlated strongly with measured coliforms, an indicator of fecal 
pollution (Figure 2-4). erm(B) gene abundances were also similar to other agriculturally 
impacted surface water systems47, 116. These results indicate that Kewaunee County 
surface water ecosystems contain elevated ARG abundances similar to or even higher 
than other studies monitoring the impact of agricultural contamination on surface waters.  
Interestingly, we found that qnrA, sul1, and intI1 gene abundances in surface 
water were consistently 10-100 fold higher than erm(B) and tet(W) abundances. The 
most surprising of these findings was the elevated abundance of qnrA, as this gene 
encodes resistance to fluoroquinolones, a class of antibiotics important for human health. 
Both erm(B) and tet(W) encode resistance for two more common classes of antibiotics 
used in livestock (macrolides and tetracyclines) and were expected to be elevated 
throughout samples, while qnrA was expected to be minimally detected due to limited 
reported use of fluoroquinolone drugs in food-producing animals45, 117. However, other 
studies have found similar results. Yang et al.118 found that qnrA genes were detected 
more frequently than tet(W) genes in freshwater lakes in China, and Cummings et al.119 
found values similar to this study of qnrA genes in freshwater sediments (10-5-10-2 copies 
qnrA/16S rRNA). The primers used for this study are able to detect both chromosomal 
qnrA genes and plasmid borne qnrA genes119. Sequencing of clones containing qnrA 
inserts from our samples indicated that most of these genes were plasmid derived (data 
not shown); thus, elevated qnrA genes could stem from multiple sources including non-
point source pollution from human origin such as septic tank leakage or mixed human 
and animal waste collection in lagoons, misuse of a class of limited access antibiotics, co-
selection, or differences in natural degradation rates of resistance determinants. 
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Interestingly, qnrA genes in water samples were found to be negatively correlated with 
qnrA genes in sediment samples in the RDA; thus, additional study is necessary to 
determine specifically where these resistance genes are originating. Although sul1 and 
intI1 genes were also significantly higher in surface water samples than erm(B) and 
tet(W), this result is not as surprising. intI1 has been identified in multiple regions of 
anthropogenic pollution and sul1 has been correlated with upstream animal feeding 
operations54. Additionally, these two genes are commonly found collocated together on 
mobile genetic elements120. It is important to note that this trend was only found in 
surface water samples; no significant differences were found in gene abundance of 
sediment samples.  
Patterns of ARG abundance throughout the one-year sampling event were of 
particular interest to us as this has not been well characterized. We tested for time, 
location, and phase differences in ARG abundance in the “high impact” sampling sites 
and found significant differences in both time and phase. Sediment samples were found 
to contain the highest abundance of all measured ARGs in the summer and fall sampling 
events, regardless of normalization method. It is unlikely that this trend is due to seasonal 
shifts in the total bacterial community as 16S rRNA genes were lowest in abundance in 
fall samples (Figure 2-2). Sediment is considered an ideal site for contaminant 
accumulation and adsorption121, 122, and this likely plays a role in the higher gene 
abundances found in sediments in the summer and fall. Continuous contaminant inputs 
from manure fertilization and runoff contribute to a buildup of pollutants in sediments 
which can include ARGs and promote gene transfer and co-selection mechanisms 
contributing to the seasonality found in Kewaunee County sediments. Water samples 
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were more variable with each season containing the highest abundance of at least one 
measured gene and additional differences when comparing absolute or relative 
abundance. Although ARG abundance in surface water showed significant temporal 
differences, no clear trend was present for absolute or relative abundances of ARGs nor 
for the 16s rRNA gene abundance in surface water. This contrasts with the well-defined 
seasonal pattern of ARGs in Kewaunee County sediments; however, it can likely be 
explained by the sampling method. Water samples were collected from an individual 
location at one timepoint rather than multiple timepoints over the course of 24 hours or 
multiple days within one season. Collecting additional samples over a shorter duration is 
necessary to better understand temporal patterns in surface water samples.  
 This study highlights the importance of identifying temporal patterns of ARG 
abundances and environmental contaminants present in surface water ecosystems. 
Manure fertilization of cropland, from antibiotic treated or untreated animals, creates 
non-point source pollution that impacts nutrient, bacterial, and contaminant loads which 
in turn can either directly increase or co-select for the increase of ARGs in the 
environment. Manure fertilization primarily takes place during the crop growing season 
(April to October in the Midwest United States) and seasonal differences in precipitation, 
stream flow, and nutrient availability may differentially impact surface waters based upon 
time of application. Seasonal differences require individualized contaminant mitigation 
strategies which can include altering the manure fertilization period to reduce spreading 
during high stream flow and precipitation seasons, reducing runoff through alternative 
strategies such as cropland buffers or cover crops, and long-term seasonal monitoring of 
ARGs and contaminants. This study provides a better understanding of the presence, 
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abundance, and temporal patterns of ARGs and contaminants in a region impacted by 
CAFOs and manure fertilized cropland; however, additional data collection extending out 
over multiple years is necessary to confirm the observed temporal trends. Our data also 
serves as a resource for Kewaunee citizens and farmers to evaluate their current manure 
application policies for both environmental and human health. Additional studies are 
necessary to determine the microbial community and resistome composition which will 
provide information about the presence of bacterial pathogens and clinically important 
ARGs that have an on impact human health.  
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3. CHAPTER 3: ESCHERICHIA COLI ISOLATED FROM DAIRY MANURE AND 
FRESHWATER ECOSYSTEMS SHARE GENOTYPIC AND PHENOTYPIC 
TRAITS    
 
3.1 Introduction 
 Antibiotic resistance (AR) is a prevalent and persistent problem in public health 
across all natural and man-made environments. Traditionally, AR research has focused 
on resistance originating from and circulating within human and animal populations, 
including transmission between the two, while neglecting the important role the 
environment plays in dissemination, transmission, and maintenance of antibiotic resistant 
bacteria (ARB) and genes (ARG)123, 124. However, the One Health approach to studying 
antibiotic resistance aims to rectify this oversight by surveilling human, animal, and 
environmental contributions to the spread of AR with the understanding that the health 
and functioning of each of these groups impacts the others125.  
 The spread of AR between compartments can occur at multiple points of 
transmission but most frequently arises with contact of human and animal fecal matter125, 
126. Agricultural regions, especially concentrated livestock farms, are prime locations for 
transmission of AR between humans, animals, and the environment due to the frequent 
use of manure for cropland fertilizer127, 128. In such agricultural regions, animal manure 
can be considered the link between animal, human, and environmental AR transmission 
due to the circuitous route of manure deposition on cropland for fertilization, runoff of 
manure into surface and ground waters, and human contact with either the livestock 
themselves or manure bacteria in recreational or drinking water. A better understanding 
of the dissemination and transmission of AR between these three compartments, 
especially in areas of concentrated livestock farming, is critical to resistance mitigation.  
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 Here, we use a single species study of Escherichia coli to identify associations 
between E. coli isolates collected from composite manure, clinical isolates, and 
freshwater ecosystems within the same geographic region and timeframe. By analyzing 
the isolates for a variety of phenotypic and genetic traits, including isolate phylotype, we 
characterize commonalities across isolates and identify patterns in AR. Additionally, we 
target extended spectrum beta-lactamase (ESBL) producing E. coli and identify the 
genetic basis of ESBL production as well as transmission vectors. Resistance to extended 
spectrum beta-lactam antibiotics, many of which are listed as antibiotics of critical 
importance for human medicine, continues to increase among Enterobacteriaceae and is 
a major public health concern129, 130. I hypothesize that E. coli isolates from the three 
compartments will be clearly associated based on genetic background and will share 
multiple phenotypic traits due to the close interaction of humans, animals, and the 
environment in the region of isolate collection. Using the One Health approach to 
understand the relationship and association between AR in E. coli isolates from human, 
animal, and environmental sources provides information on possible mechanisms of 
dissemination and transmission of resistance across diverse ecological niches.  
3.2 Materials and Methods 
3.2.1 Sample Collection and E. coli isolation 
Manure and environmental samples were collected in Kewaunee County, 
Wisconsin between 2017-2018, and clinical isolates were collected from hospitals 
serving the Kewaunee County community in Green Bay and Manitowoc, Wisconsin 
between 2017-2018. Kewaunee County, Wisconsin is home to 16 concentrated animal 
feeding operations, primarily dairy farms, and is comprised of three primary river 
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watersheds; a detailed description of the study area can be found in Beattie et al.131. 
Samples were collected and isolated as follows: 
3.2.1.1 Environmental Samples 
Sediment and surface water grab samples were collected from the three primary 
river systems in Kewaunee County on multiple dates in 2017–2018, stored at 4 °C, and 
processed within 24 h (surface water) or 72 h (sediment). Approximately 1 g of 
homogenized sediment from each sample was mixed with 9 mL of sterile phosphate 
buffered saline and shaken at 200 rpm for 1 h. Serial dilutions of the mixture were plated 
in triplicate on modified membrane Thermotolerant E. coli agar (BD Difco™, Franklin 
Lakes, NJ, USA) plates and incubated at 37 °C for 2 h followed by 44.5 °C for 22 h. 
Magenta colonies were isolated as presumptive E. coli, streaked onto tryptic soy agar 
(Thermo Fisher™ Remel™, Lenexa, KS, USA), and further verified using the standard 
biochemical catalase (positive) and oxidase test (negative). Following verification, E. coli 
isolates were stored at -80 °C in tryptic soy broth (Thermo Fisher™ Remel™, Lenexa, 
KS, USA) with 25% glycerol (Sigma-Aldrich, Saint Louis, MO, USA) for downstream 
analyses. Surface water samples were filtered directly in varying volumes through 0.22 
µm filters (MilliporeSigma Whatman™ Nuclepore, Burlington, MA, USA). The filters 
were placed upright on mTEC agar and incubated, and E. coli were isolated, verified, and 
stored as above. A total of 64 environmental E. coli isolates were selected for use in this 
study. 
3.2.1.2 Manure samples 
Composite manure samples (contribution from >20 cows/sample) were collected 
from Kewaunee County cattle farms with owner permission on multiple dates in 2017-
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2018, stored at 4℃ until processing and homogenized and processed for E. coli isolation 
as in Section 3.2.1.1. for sediment above. A total of 65 manure E. coli isolates were 
selected for use in this study.  
3.2.1.3 Clinical samples 
Three study sites in Northeast Wisconsin were requested to annually submit 17 to 
18 consecutive isolates of E. coli identified from in-house routine microbiologic culture 
of clinically-significant infection.  Duplicate isolates (i.e., multiple isolates from the same 
patient course of illness from similar or different anatomical sources) were excluded.  
Isolates were maintained on Amies transport swabs containing charcoal (HealthLink, 
Jacksonville, FL) prior to transport to Marquette University.  Because of the lack of direct 
involvement in the collection of specimens and because of the utilization of de-identified 
isolates from routine clinical care, the Surveillance of Wisconsin Organisms for Trends in 
Antibiotic Resistance and Epidemiology (SWOTARE) program was not considered to be 
actively engaged in human subjects research by the Marquette University Institutional 
Review Board.  Additional activities relative to the SWOTARE program have been 
described132-135. 
3.2.2 Antibiotic susceptibility testing 
Clinical, environmental, and manure E. coli isolates were subcultured twice for 
purity using tryptic soy agar with 5% sheep blood (ThermoFisher Scientific, Lenexa, 
KS).  Reference broth microdilution antibiotic susceptibility testing was executed136 and 
interpreted137 using standards published by Clinical and Laboratory Standards Institute 
(CLSI).  In brief, turbidity of individual isolate suspensions was adjusted to a 0.5 
McFarland standard and subsequently diluted 1:30 in Sensititre™ demineralized water 
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(TREK Diagnostic Systems, East Grinstead, UK).  Ninety-five pin polystyrene inoculator 
assemblies (Evergreen Scientific, Los Angeles, CA) were filled with diluted contents for 
the subsequent inoculation of frozen Sensititre™ panels (TREK Diagnostic Systems, 
Cleveland, OH) based on cation-adjusted Mueller-Hinton broth.  Panels consisted of 
customized dilution ranges which extended beyond CLSI breakpoints for the following 
antibiotics:  levofloxacin, ciprofloxacin, cefazolin, cefoxitin, ceftazidime, ceftriaxone, 
cefepime, ertapenem, meropenem, aztreonam, ampicillin, ampicillin-sulbactam, 
piperacillin-tazobactam, gentamicin, tobramycin, nitrofurantoin, and trimethoprim-
sulfamethoxazole.  Computerized audits of all isolates tested generated percentage 
susceptible, intermediate (susceptible-dose dependent for Enterobacterales/cefepime), 
and resistant values, as well as median minimum inhibitory concentration (MIC50) and 
90th percentile (MIC90) determinations. Isolates resistant to three or more classes of 
antibiotics were classified as multidrug resistant.  
3.2.3 ESBL Phenotyping  
DNA was extracted from all isolates using the Promega Wizard® Genomic DNA 
Purification Kit (Madison, WI, USA). E. coli isolates showing intermediate or full 
phenotypic resistance to any cephalosporin, penicillin, and/or carbapenem antibiotics 
were further screened for ESBL production using the double disk method proposed by 
the Clinical and Laboratory Standards Institute138. Briefly, the disk diffusion method was 
used to screen isolate resistance to cefotaxime and ceftazidime both alone and in 
combination with 4 µg/mL clavulanic acid. An increase of ≥ 5 mm in zone diameter for 
either antibiotic in combination with clavulanic acid compared to its zone diameter 
without clavulanic acid confirms the isolate is an ESBL producer. Antibiotic disks alone 
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and in combination with clavulanic acid were BD BBL™ Sensi-Disc™ brand. A total of 
62 isolates (40 clinical, 15 environmental, and 7 manure) met the criteria to be screened 
for ESBL production.  
3.2.4 ESBL Resistance Gene Detection 
Because the ESBL phenotyping method above does not detect all ESBL 
producers, we additionally screened the 62 potential ESBL isolates for three common β-
lactamase resistance genes by PCR: blaCTX-M, blaSHV, and blaTEM. Each simplex PCR 
reaction contained 12.5 µL of NEB Taq 2x master mix, 2.5 µL of MgCl2 (blaSHV only), 
2.5 µL of F/R primer mix at 10 µM per primer (blaSHV and blaCTX-M) or 20 µM per primer 
(blaTEM), 5 µL of genomic DNA (2-50 ng/µL), and sterile water to 25 µL. Primers for 
each gene were as in Monstein et al139. All PCR reactions were performed on a BioRad 
T100™ thermocycler with the following cycling parameters: 95℃ for 5 min followed by 
30 cycles of 95℃ for 30 s, 60℃ for 30 s, and 70℃ for 1.5 min with a final extension 
cycle of 70℃ for 5 min. ESBL resistance gene controls were obtained from Dr. Christine 
Schneider (Carrol University). PCR products were verified via agarose gel 
electrophoresis (1.5% gels) and a portion of samples were subsequently sequenced. 
BLAST was used to identify the closest sequence match of each sequenced PCR product.  
All isolates were additionally screened for the integron gene intI1 which has been 
identified as a marker of anthropogenic contamination and mobile transmission of 
ARGs120. Primers are as described in Beattie et al. 2018131. Each reaction contained 12.5 
µL of NEB Taq 2x master mix, 2.5 µL of F/R primer mix at 10 µM per primer, 5 µL of 
genomic DNA (2-50 ng/µL), and sterile water to 25 µL. All PCR reactions were 
performed on a BioRad T100™ thermocycler with the following cycling parameters: 
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95℃ for 10 min followed by 30 cycles of 95℃ for 60 s, 60℃ for 60 s, and 72℃ for 1.5 
min with a final extension cycle of 72℃ for 10 min. Positive controls were obtained from 
E. coli isolates containing the verified cloned gene of interest. PCR products were 
verified via agarose gel electrophoresis (1% gels).  
3.2.5. Plasmid Detection and Plasmid Replicon Typing 
The presence of plasmids in isolates that were ESBL positive (phenotype and/or 
genotype) was confirmed using the Promega Wizard® Plus SV Miniprep DNA 
Purification kit followed by agarose gel electrophoresis (1.5%) for plasmid DNA 
visualization. Plasmid positive isolates were subsequently replicon typed using the 
multiplex PCR method by Johnson et al.140, which is a modified version of Carattoli et 
al.141. Primers and PCR conditions can be found in Johnson et al.140 
3.2.6 Phylogenetic Typing of E. coli Isolates 
The quadruplex PCR method for E. coli phylogenetic relatedness from Clermont 
et al. (2013)142 was used to assign all isolates in this study to one of the eight phylo 
groups. Primers and PCR cycling conditions, including the subsequent simplex PCR 
conditions for phylogroups A,C,D, and E can be found in Clermont et al.142.  
3.2.7 Biofilm Formation Capability and Strength 
The ability of each E. coli isolate to form biofilm was assessed using a crystal 
violet assay. Isolates were cultured overnight in Tryptic Soy Broth (TSB), diluted to 
1x109 CFU/mL, and 200 µL was pipetted in triplicate into sterile 96 well plates (Nunc™ 
MicroWell™ 96-well Microplates). Plates were incubated overnight for 24 hours at 37℃ 
shaking at 150 rpm. Following overnight plate incubation, culture media was removed 
via pipette and plates were rinsed thrice with sterile phosphate buffered saline and 
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allowed to air dry. Following air drying, 100 µL of 0.1% crystal violet solution was 
added to each well and plates were stained for 15 minutes at room temperature. After 15 
minutes, the plates were rinsed thrice with sterile DI water and allowed to dry overnight. 
After drying, 200 µL of 30% acetic acid was added to each well for 15 minutes to 
solubilize the biofilm and plate absorbance was read at wavelength 595. Triplicate wells 
were averaged for absorbance. Biofilm formers were classified as weak (1 standard 
deviation above the media control), intermediate (2 standard deviations above the media 
control), or strong (3 standard deviations or more above the media control). Controls 
included E. coli strain ATCC 8739 (biofilm positive) and sterile culture media (negative).  
3.2.8 Statistical Analyses 
 Categorical measured traits including antibiotic resistance phenotype, gene 
presence, ESBL phenotype, and plasmid presence were converted into numerical code 
with 1 indicating presence and 0 indicating absence for binary variables and 0 indicating 
susceptible, 1 indicating intermediate, and 2 indicating resistant for antibiotic resistance 
phenotype. Continuous variables (biofilm formation strength as measured by absorbance) 
were left unaltered. Principal coordinate analysis (PCoA) and PERMANOVA followed 
by multiple pairwise t-tests were performed using the statistical software PRIMER-E on a 
Gower distance matrix for mixed variables106. Proportional Z test was used to identify 
significant differences between count data, including percentages of antibiotic resistance, 
genes, and phylotypes by isolate source. The multiple antibiotic resistance (MAR) index 
was calculated for each strain by taking the number of antibiotics to which and isolate 
was resistant and dividing it by the total number of antibiotics tested. A MAR index 
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above 0.2 indicates an isolate has originated from an environment with elevated antibiotic 
use or a high risk source1. 
3.3 Results 
3.3.1 Antibiotic resistance phenotypes of environmental, cattle manure, and clinical E. 
coli isolates  
Isolates of E. coli collected in 2017-2018 from environmental samples (sediment 
and surface water) and cattle manure in Kewaunee County and clinical infections in 
hospitals serving the Kewaunee County region were analyzed for multiple traits including 
susceptibility to 17 antibiotics, production of ESBLs or possession of ESBL genes, 
presence of plasmids and replicon types, biofilm formation capability, and phylogenetic 
group membership. The percentage of isolates resistant to at least one antibiotic was 
highest in clinical isolates (47.5%) followed by environmental isolates (15.6%) and 
manure isolates (7.7%). Clinical isolates displaying resistance were, on average, resistant 
to two antibiotics, with a range of isolate resistances from 0-11 antibiotics. Although 
manure contained the fewest isolates displaying phenotypic resistance, the five isolates 
that did display phenotypic antibiotic resistance were resistant to a minimum of six 
antibiotics and up to a total of nine. While more environmental isolates were resistant to 
at least one antibiotic than manure isolates, the maximum number of resistances for any 
one isolate was to five tested antibiotics.  
The relative percentage of isolates from each source resistant or intermediate 
resistant to the 17 tested antibiotics is shown in Figure 3-1. Clinical isolates showed 
resistance to 15 of the tested antibiotics while manure isolates were resistant to 13, and 
environmental isolates were resistant to five. Clinical isolates were most resistant to 
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ampicillin followed by ciprofloxacin, levofloxacin, and cefazolin while manure isolates 
were most resistant to ampicillin, cefazolin, and ceftriaxone. Environmental isolates were 
most resistant to ampicillin followed by cefazolin, ampicillin-sulbactam, and cefoxitin. 
The multiple antibiotic resistance index (MAR) of isolates by source is shown in Figure 
3-2. The number of isolates with a MAR index over 0.2 from each source was 12 
(11.7%), 3 (4.7%), and 5 (7.7%) for clinical, environmental, and manure isolates, 
respectively.  
 
 
 
Figure 3-1. Percentage of resistant and intermediate resistant E. coli isolates from clinical (blue), 
environmental (yellow), and manure (grey) environments. 
Antibiotic abbreviations: CFZ=cefazolin, FOX=cefoxitin, CAZ=ceftazidime, 
FEP=cefepime, CAX=ceftriaxone, ERT=ertapenem, MER=meropenem, 
AMP=ampicillin, A/S=Ampicillin-Sulbactam, P/T=piperacillin-tazobactam, 
T/S=trimethoprim-sulfamethoxazole, NIT=nitrofurantoin, CIP=ciprofloxacin, 
LEV=levofloxacin, TOB=tobramycin, GEN=gentamicin, AZT=aztreonam.  
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Significant differences (p<0.05) in the number of isolates from each isolation 
source identified as resistant to each antibiotic were detected using the proportional Z 
test. Clinical isolates were significantly more resistant to ceftazidime, ceftriaxone, 
ampicillin, trimethoprim-sulfamethoxazole, ciprofloxacin, levofloxacin, and gentamicin 
than environmental isolates and significantly more resistant to cefazolin, ampicillin, 
trimethoprim-sulfamethoxazole, ciprofloxacin, and levofloxacin than manure. 
Environmental isolates were significantly more resistant to ampicillin than manure 
isolates while manure isolates were significantly more resistant to ceftazidime, 
ceftriaxone, trimethoprim-sulfamethoxazole, ciprofloxacin, and levofloxacin than 
 
Figure 3-2. Multiple antibiotic resistance index (MAR) of clinical, environmental, and manure E. 
coli isolates. 
Isolates are presented as individual values with the mean and standard error of each 
source plotted. MAR indices >0.2 indicate isolates likely originate from areas of high 
antibiotic use or a high risk source1. 
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environmental isolates and significantly more resistant to ceftriaxone and aztreonam than 
clinical isolates (Table 3-1).  
 
Table 3-1. Significant differences in resistance determinant (phenotypic resistance, gene presence, 
and ESBL production) between isolate source based on proportional Z test. 
Resistance Determinant Groups p value 
CFZ Clinical>Manure 0.04478 
CAZ Clinical>Environmental 
Manure>Environmental 
0.01882 
0.009802 
FEP Manure>Environmental 0.009802 
CAX Clinical>Environmental 
Manure>Clinical, 
Environmental 
0.01882 
0.001357, <0.0001 
AMP Clinical>Environmental, 
Manure 
Manure>Environmental 
0.000182, <0.0001 
0.005195 
T/S Clinical>Environmental, 
Manure 
Manure>Environmental 
<0.0001, 0.000512 
0.009533 
CIP Clinical>Environmental, 
Manure 
Manure>Environmental 
<0.0001, <0.0001 
0.009566 
LEV Clinical>Environmental, 
Manure 
Manure>Environmental 
<0.0001, <0.0001 
0.009566 
GEN Clinical>Environmental 0.0188 
AZT Manure>Clinical 0.0085 
TEM gene + Clinical>Environmental 0.009644 
ESBL producer Clinical>Environmental 
Manure>Environmental 
0.002208 
0.03145 
 
 
3.3.2 Multiple isolates from each source were phenotypically and/or genotypically ESBL 
positive  
 Isolates showing intermediate or full phenotypic resistance to any of the 
cephalosporin or penicillin antibiotics were further screened for phenotypic and 
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genotypic ESBL production using a disk diffusion assay and PCR for three ESBL genes 
(blaCTX-M, blaSHV, blaTEM). A total of 62 isolates (40 clinical, 15 environmental, and 7 
manure) met the above criteria to be screened for ESBL production, with 35 of the 62 
screened isolates (56.4%) identified as ESBL positive (15% of all study isolates). Seven 
isolates were phenotypic ESBL producers, including four clinical isolates and three 
manure isolates. Of these seven isolates, three isolates contained at least one of the three 
screened ESBL genes including one manure isolate with both blaCTX-M and blaTEM, one 
manure isolate with blaCTX-M only, and one clinical isolate with blaTEM only. An 
additional 28 isolates that were not phenotypic ESBL producers were found to harbor at 
least one of three tested ESBL genes and included 23 clinical isolates, 2 manure isolates, 
and 3 environmental isolates (Table S3-1). Of these, one clinical isolate contained both 
blaCTX-M and blaTEM genes, one clinical isolate contained only blaCTX-M, and the remaining 
26 isolates contained only blaTEM. No isolate from this study contained blaSHV. 
Sequencing of the ESBL genes revealed that the two blaCTX-M genes harbored by clinical 
isolates were most homogenous with blaCTX-M-15 while blaCTX-M from manure was most 
homogenous with blaCTX-M-161. Overwhelmingly, the blaTEM genes shared the most 
sequence homology with blaTEM-1, although one blaTEM-29 and one blaTEM-105 were also 
identified in two separate clinical isolates.  
 Clinical isolates were significantly more likely to be ESBL positive compared to 
environmental isolates (p=0.0022) and manure isolates (p=0.0315) and were also 
significantly more likely to contain the blaTEM gene than environmental isolates 
(p=0.0096, Table 3-1). Six of the seven isolates (85.7%) that displayed phenotypic ESBL 
production had a MAR index >0.2, and five of the seven had a MAR index >0.45. 
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Isolates containing ESBL genes without phenotypic resistance were less likely to have 
elevated MAR indices than phenotypic ESBL producers with only eight of the 28 
(28.6%) gene positive isolates having a MAR index >0.2 (Table S3-1). Clinical and 
manure isolates that were ESBL positive were commonly found to be co-resistant to 
quinolone antibiotics (ciprofloxacin, levofloxacin) and aminoglycoside antibiotics 
(gentamicin). Environmental isolates that are ESBL positive only showed co-resistance to 
ampicillin (Table S3-1).  
3.3.3 Presence mobile genetic element indicators, plasmids, and plasmid replicon type 
 All study isolates were screened for the integrase gene intI1 which contributes to 
the mobility of antibiotic resistance genes found on integrons. Surprisingly, only four 
clinical isolates, one environmental isolate, and zero manure isolates contained this gene; 
of these, only one isolate (clinical) was also ESBL positive (blaTEM) (Table S3-1).  
 The horizontal gene transfer of antibiotic resistance including ESBL genes 
between E. coli isolates is a common, and concerning, occurrence; thus, all 62 
presumptive ESBL positive isolates were also screened for the presence of plasmids. Of 
those screened, 15 contained plasmids as identified by agarose gel electrophoresis and 
plasmid typing including 11 clinical isolates, three manure isolates, and one 
environmental isolate, 12 of which were also ESBL positive (Table S3-1). Nine plasmid 
replicon types were identified in clinical samples with the most prevalent being 
incompatibility group IncFIA (45.5%) followed by incompatibility groups IncFIC > 
IncFIB = IncA/C = IncI1 > IncT = IncP = IncN. Two of the three manure isolates had 
identifiable plasmid replicon types and were highly similar with both containing IncB/O, 
IncFIA, and IncFIB. One manure isolate also contained IncI1 while the other contained 
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IncK/B. The single environmental isolate contained only one plasmid replicon type: 
IncFIC. Isolates containing IncFIA, regardless of isolation source, were more likely to be 
co-resistant to levofloxacin, ciprofloxacin, and/or gentamycin and have a MAR index 
>0.2 (Table S3-1).  
3.3.4 Biofilm formation capability and correlation with antibiotic resistance phenotype 
 Biofilm formation is an important component of bacterial survival and increases 
the ability of a bacterium to resist or tolerate antibiotic treatment. Isolates, regardless of 
isolation source, were equally likely to form measurable biofilm, with a total of 41 
clinical (39.8%), 26 environmental (40.1%), and 26 manure isolates (40.0%) forming 
biofilm at varying strengths (Figure 3-3). Although biofilm formation strength was 
frequently found in conjunction with plasmid-positive and multiple-resistant isolates, the 
ability of an isolate to form a biofilm was equally as likely to occur without any 
phenotypic or genotypic resistances (Table S3-1), indicating that this characteristic is 
common in both pathogenic and commensal E. coli isolates.  
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3.3.5 Associations between isolate phylogenetic group, antibiotic resistance profile, and 
isolation source 
 E. coli bacterial strains contain significant genetic substructure and can be 
classified into phylogroups based on evolutionary relatedness. In general, different 
phylogroups of E. coli are not randomly distributed and thus phylotyping isolates from 
different sources can help identify transmission between and intermixing of E. coli from 
different isolation sources. Using the well accepted E. coli phylotyping method142, we 
classified all strains in this study into one of eight phylogroups including B2 and D, 
which are commonly pathogenic strains, A and B1, which are common commensal 
strains, and C, E, F, and Clade 1, the less common but identifiable E. coli phylotypes. 
 
Figure 3-3. Biofilm formation strength of E. coli isolates as measured by absorbance of crystal 
violet staining. 
Isolates are presented as individual values with the mean and standard error of each 
source plotted. Strong, intermediate, and weak biofilm former classification is defined 
in Method 3.2.7.  
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The breakdown of phylotype groupings by isolate source can be seen in Figure 3-4. 
Clinical isolates were overwhelmingly typed to the B2 group with 61.2% falling within 
this phylotype, while environmental isolates were primarily typed to B1 (18.8%) or F 
(20.3%), and manure isolates were primarily typed to B1 (46.2%) or D (15.4%). A 
limited number (10.8%) of isolates in this study were not assigned to a definitive 
phylotype, which is common in isolates from mixed sources as in this study. 
 
  
The primary goal of this study is to identify associations between E. coli isolated 
from different sources within a localized geographic area based on genetic background, 
antimicrobial resistance profile, and other measured traits. Principal coordinate analysis 
was used to explore these differences in E. coli profiles from the three isolation sources 
 
Figure 3-4. Relative percentage of E. coli isolate phylotype within clinical, environmental, and 
manure isolation sources. 
54 
 
(Figure 3-5). Environmental and manure isolates primarily clustered together and were 
negatively correlated with presence of ESBL genes and resistance to multiple antibiotics. 
Clinical isolates were more widely distributed with a cluster of susceptible isolates co-
located with the environmental-manure cluster and a cluster of resistant and ESBL 
isolates that strongly correlated with the associated variables (Figure 3-5). To determine 
if these measured variables created significant differences between isolate source and/or 
isolate phylotype, we used permutated MANOVA followed by subsequent post-hoc t-
tests. E. coli isolates were significantly different based on isolation source and isolate 
phylotype (P=0.016, Table S3-1). Subsequent post-hoc t-tests indicate that clinical 
isolates were significantly different from manure isolates (P=0.004) and from 
environmental isolates (P=0.002) due to their overrepresentation in the B2 phylogroup. 
Environmental and manure isolates were not significantly different by isolation source 
(P-0,82) or phylogroup (P>0.05). 
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3.4 Discussion 
 The One Health approach to antibiotic resistance aims to understand the 
intersection of resistance between humans, animals, and the environment to better 
mitigate the spread of resistant bacterial infections. In this study, our goal was to assess 
the phenotypic and genotypic similarities of E. coli isolates collected from manure, 
freshwater ecosystems, and clinical samples within a vulnerable community to determine 
associations between isolate source and possible mechanisms of resistance transmission. 
We found that isolates from manure and environmental sources were more 
phenotypically and genotypically similar to one another than clinical isolates from the 
same region, which is consistent with reports of widescale manure contamination of 
 
Figure 3-5. Principal coordinate analysis of all measured traits of E. coli isolates in this study 
based on Gower distance. 
Measured traits with a correlation strength of >0.5 are displayed on the plot.  
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freshwater sources in the county131, 143. Although manure and environmental isolates were 
less likely to display phenotypic antibiotic resistance or to produce ESBLs than clinical 
isolates, they were equally as likely to form biofilm and harbor plasmids that are known 
to contain multiple ARGs61. It is important to note that although manure and 
environmental isolates had lower prevalence of phenotypic resistance than clinical 
isolates, those that did display phenotypic resistance were often multidrug resistant. 
Clinical isolates were resistant to the greatest number of antibiotics and were 
overwhelmingly assigned to the phylotype B2, which is associated with pathogenic E. 
coli strains140, 144, similar to other studies65. However, several environmental and manure 
isolates were also typed to both the B2 phylotype and D phylotype, which is also 
considered pathogenic140, indicating that a portion of these isolates likely harbor 
virulence markers. Phylotypes of manure and environmental isolates displayed more 
evenness than clinical isolates which were dominated by the B2 phylotype. No significant 
differences in phylotype or isolation source based on measured traits were identified 
between manure and environmental isolates, which is likely due to frequent intermixing 
of these two environments in Kewaunee County. 
 E. coli isolates across source environments in this study were most frequently 
resistant to ampicillin, followed by ampicillin-sulbactam, cefazolin, and cefoxitin. This 
result is concerning as these antibiotics are classified as highly important or critically 
important for human medicine130. Biofilm formation capability is an important 
component of clinical bacterial infections and is frequently associated with antibiotic 
tolerance; thus, we assumed clinical isolates would have a higher biofilm formation 
strength. Interestingly, no differences in biofilm formation ability of the isolates was 
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identified between source environment as approximately 40% of isolates from each 
source could form detectable biofilm (Figure 3-3). However, the genetic diversity and 
plasticity of E. coli suggests that biofilm formation would benefit isolates across source 
type and aid in protection against physical and chemical stressors64, 145.  
 Understanding the characteristics of E. coli capable of producing ESBLs is of 
critical importance for human and veterinary health129, 146. While we only identified seven 
phenotypic ESBL producer isolates in this study, an additional 28 isolates were found to 
harbor ESBL resistance genes. Other studies of gram-negative bacteria have identified 
similar false-negative issues with ESBL phenotyping147, 148. A significant number 
(51.4%) of ESBL positive isolates were classified to the B2 phylotype and 40% have a 
MAR index of >0.2. This indicates that these isolates are both resistant to antibiotics of 
last resort and are multidrug resistant. Other reports also find that ESBL isolates are 
frequently typed to the B2 phylotype and harbor virulence factors149, 150. The primary 
ESBL gene identified across all isolates was blaTEM-1, corroborating other studies where 
this gene was also the most common bla gene in gram-negative ESBL producers151, 152. 
Additionally, blaTEM-1 is plasmid-mediated
151, 153, thus horizontal transfer of this gene has 
the capability to occur between isolates of all three source types. Together, these data 
indicate that isolate phylotype, regardless of isolation environment, may play an 
important role in strain AMR determination indicating phylotype of E. coli strains should 
be more closely monitored.  
 Isolates from all three sources harbored plasmids, with nine replicon types found 
in clinical isolates, five in manure isolates, and one in an environmental isolate. While 
some plasmid replicon types were shared between clinical and manure isolates including 
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IncFIA, IncFIB, and IncI1 and between clinical and environmental isolates including 
IncFIC, the phenotypic and genotypic resistance patterns were not identical indicating 
that the pool of mobile genetic elements within different isolate sources from Kewaunee 
County is diverse. It is important to note that isolates containing plasmid replicon type 
IncFIA were more likely to be ESBL producers and co-resistant to ciprofloxacin, 
levofloxacin, and gentamicin with a MAR index >0.2 (Table S3-1). Other recent studies 
including Ali et al. (2014)154  and Fagerstrom et al. (2019)155 also found that clinical 
ESBL producing isolates were most likely to harbor IncFIA-FIB replicon types. It is 
interesting to note that the manure ESBL isolates also frequently contained IncFIA-FIB 
replicon types as the clinical isolates, but additional sequence similarity information is 
needed to fully understand the relationship and association between the plasmids from 
different sources.  
 Isolates from clinical samples were significantly different based on the multiple 
traits measured in this study and, as a whole, were significantly more likely to be 
classified to the B2 phylogroup based on permutational MANOVA results (Table S3-2). 
Interestingly, isolate source and isolate phylotype of manure and environmental E. coli 
were not significantly different from one another. This suggests that manure and 
environmental E. coli isolates in this study are more closely related to one another than to 
clinical isolates and is indicative of the well-known manure contamination of freshwater 
sources in Kewaunee County131, 143. Other studies have shown that animal feces can 
transmit AR E. coli to freshwater sources, where the bacterium can survive, proliferate, 
and continue the spread of AR60, 156. This suggests that the One Health approach to AR 
surveillance is necessary to detect transmission between various source environments. 
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Although environmental and manure isolates were found to be more phenotypically 
similar to one another than clinical isolates, this does not suggest that clinical infections 
are not originating from environmental sources; instead it suggests that the lower 
prevalence of resistance is a factor driving the similarities between the two groups. It 
should be noted that isolates from environmental and manure sources displaying 
phenotypic resistance were often multidrug resistant with elevated MAR indices, 
suggesting that humans or animals that come into contact with these bacteria are at 
increased risk for serious infection; thus resistant environmental and manure isolates 
should be more closely monitored.  
 In this study, we identified a strong link between manure and freshwater E. coli 
including similar phylotypes, plasmid replicon types, and AR phenotypes. Although 
overall resistance was lower in these isolates compared to clinical isolates, the spread of 
E. coli that may harbor resistance determinants poses a serious risk to human health, 
especially for those who come into contact with or drink from contaminated waterways. 
Manure isolates in this study displaying resistance are a particular concern because, 
although few displayed phenotypic resistances, those that did were resistant to a 
minimum of six antibiotics. Widespread runoff of manure used as cropland fertilizer 
increases the risk of highly resistant isolates entering into surface and groundwater 
systems, putting public health at risk. Future work should include sequencing of the 
plasmids identified in this study to assess similarity across sampling sources and identify 
possible horizontal gene transfer occurrences. Care should be used when undertaking the 
difficult task of assessing the transfer and association of isolates from different sources 
even when collected within the same geographic location and timeframe.  
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4. CHAPTER 4: FRESHWATER SEDIMENT MICROBIAL COMMUNITIES ARE 
NOT RESILIENT TO DISTURBANCE FROM AGRICULTURAL LAND 
RUNOFF 
 
 
4.1 Introduction 
 Freshwater ecosystems are a vital natural resource, providing sources of drinking 
water, food, animal habitats, and recreation. Sediment microbial communities within 
freshwater ecosystems support important functions, including carbon and nitrogen 
cycling, due to their high abundance, diversity, and stability157. Sediments also serve as 
the primary site of accumulation and attachment of both bacteria and chemical pollutants; 
thus, sediment microorganisms are exposed to a wide variety of anthropogenic 
pollutants121, 158, 159. In ecological systems, pollution exposure events are termed 
“disturbances”, and these events can alter microbial community structure and diversity74, 
75, 160. Disturbance events are classified by their duration of impact as either pulse (short-
term, acute) or press (long-term, continuous) disturbance74 (Figure S4-1). Microbial 
communities may react to environmental disturbance events in one of three primary 
ways: resistance, or the degree to which a community can withstand and remain 
unchanged by disturbance; resilience, or the rate at which a community returns to a pre-
disturbance composition; and alternative steady state, or the inability of a community to 
withstand a disturbance which fundamentally changes its structure74, 76 (Figure S4-2). 
Measuring changes in microbial community composition following anthropogenic 
disturbance helps predict ecosystem functioning and health77, 78. 
Agriculture is the primary source of non-point source (NPS) pollution and 
degraded water quality in rivers and streams161. Livestock and field crop farming 
practices contribute to both reduced water quality and ecosystem functioning by 
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introducing nitrate, phosphorus, heavy metals, antibiotics, and non-native 
microorganisms into waterways via agricultural land runoff41, 161-163. Microbial pathogens 
originating from manure are a primary concern. Livestock manure is known to contain 
pathogens that cause infection in humans, including members of the genera Arcobacter 
and Acinetobacter and more well-known pathogens including methicillin resistant 
Staphylococcus aureus and toxin-producing Escherichia coli164-167. Input of high 
concentrations of nitrate and phosphorus from agricultural fertilization runoff can also 
alter sediment microbial community composition. Henson et al.168 found that members of 
the family Comamondaceae and genera Mucilaginibacter, Pseudospirillum, and 
Novosphingobium strongly correlate with nitrate concentrations while members of the 
class Holophagaceae, family Gemmatimonadaceae, and genus Nitrospira strongly 
correlate with phosphate concentrations. Additionally, it has been well documented that 
increases in Cyanobacteria, particularly genera Microcystis, Anabaena, Planktothrix, and 
Aphanizomenon, are associated with freshwater eutrophication events169-171. The 
responses of microbial communities to disturbance are dependent on multiple interrelated 
factors including the type, number, length, and severity of disturbance79. Several studies 
report high sensitivity of microbial communities to anthropogenic disturbances, and the 
Microbiome Stress Project172 provides a comprehensive database facilitating comparisons 
of major findings. However, the resilience of native microbial communities following 
disturbance in the environment is still largely unexplored and most reports are based on 
controlled laboratory experiments82, 83. Understanding of the impact of press manure 
disturbance  on the resistance and resilience of microbial community composition is 
necessary to evaluate ecological and human health risks, as resistant and resilient 
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microbial communities tend to be more diverse, functionally redundant, and better able to 
resist influxes of pathogenic organisms and chemical pollutants74, 76. 
In this study, the primary research question is: How does agricultural land runoff 
impact microbial community composition and function in freshwater sediments in a 
region of intensive agriculture that suffers from reduced freshwater quality? We have 
addressed this question in Kewaunee County, Wisconsin, which is fully described in 
section 2.2.1 above. We hypothesized that 1) sediment microbial communities in the 
highly impacted Kewaunee River watershed will be resilient to press disturbance from 
manure fertilized agricultural land runoff due to long-term stress and adaptation to 
pollutants in the region; 2) microbial community composition will shift seasonally during 
the manure fertilization period towards communities enriched with copiotrophs (such as 
members of the genera Pseudomonas and Novosphingobium) or organisms which thrive 
in high turbidity environments created by eutrophic conditions such as members of the 
phylum Cyanobacteria; and 3) potential pathogens associated with the cattle microbiome 
will be detected more frequently in freshwater sediments at river locations impacted by 
manure runoff from intensive agriculture. We tested these hypotheses using 16S rRNA 
gene sequencing combined with high-resolution compositional inferences.  
4.2 Materials and Methods 
4.2.1 Sediment Sampling 
The three major watersheds within Kewaunee County, Wisconsin, have been fully 
described elsewhere131. Briefly, Kewaunee County contains three primary river 
watersheds, the largest of which is the Kewaunee River watershed, and currently 
encompasses a total of 16 concentrated animal feeding operations (CAFOs). This work 
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focuses primarily on locations within the Kewaunee River watershed due to the high 
impact of CAFO farms, manure fertilized cropland, and associated runoff on the 
Kewaunee River surface water ecosystem; however, we collected additional samples 
immediately north and south of a CAFO farm in northern Kewaunee County and samples 
outside of the impact of CAFOs in adjacent Door County, Wisconsin. Sediment grab 
samples were collected from seasonally accessible sites at a total of 19 riverine locations 
in Kewaunee and Door Counties, Wisconsin, in February, May, September, and October 
2017. Fourteen sample sites are within the Kewaunee River watershed, two sample sites 
are within the Ahnapee River watershed immediately north and south of a CAFO farm, 
and three sites are within the Red River and Sturgeon Bay watershed which receives no 
impact from CAFO farming131 (Table S2-1). Additionally, one composite manure sample 
(multiple cattle, fully homogenized before sampling) from a dairy CAFO farm was 
collected in May 2017 and two composite manure samples from a <200 head beef farm 
were collected in May and September 2017 for reference. A total of 68 sediment samples 
were collected for this study. Three separate sediment samples were collected from each 
river site on each date from within 1 meter of one another. Sediment samples were 
homogenized in the field, transported on ice, stored at 4°C, processed in the lab, and 
subsamples were kept frozen at -20℃. 
4.2.2 DNA extraction 
Sediment and manure were subsampled in the laboratory for a total of two 
separate DNA extractions. DNA was extracted from 0.5 g of sediment or manure using 
the DNeasy PowerSoil Kit (Qiagen) according to manufacturer instructions. Duplicate 
DNA extractions were pooled for downstream analyses.  
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4.2.3 DNA Sequencing and Amplicon Sequence Mapping 
Universal primers were used to amplify the V3-V4 hypervariable region of the 
16S rRNA gene followed by Next Generation Sequencing (NGS)173. Paired-end 
sequencing of sediment and manure DNA was performed by the University of Wisconsin 
Biotechnology Center (Madison, Wisconsin, USA) with the Illumina MiSeq Platform. 
Primer sequences were removed from the raw demultiplexed reads using cutadapt 
v1.18174. Reads were subsequently processed using DADA2 v1.9175. Sequences 
containing ambiguous bases and phiX sequences were removed and only those reads with 
a minimum base quality score of two being retained for subsequent steps. Forward and 
reverse reads were then truncated to 250 bp and 230 bp, respectively, and were only 
retained if maximum expected errors associated with such reads were equal to or less 
than three (forward) or four (reverse) respectively. Reads were error-corrected and pooled 
prior to inferring sample composition. Error-corrected reads were then merged to yield 
the complete sequence spanning the sequenced hypervariable region. Chimeric sequences 
were subsequently removed prior to taxonomic annotation. Taxonomy was assigned 
using the RDP classifier based on the SILVA database v132. Species-level identification 
was accomplished using exact string-matches against a customized variant of the same 
database176. The resulting amplicon sequence variant (ASV) table was further processed 
by removing any ASVs with less than five reads across all samples and/or ASVs present 
in less than two samples. Raw sequence data were submitted to the NCBI Sequence Read 
Archive (SRA) under accession: PRJNA555250. 
Potential pathogens were identified at the species level using the DADA2 
extension for 100% exact sequence matching of sample sequences to sequenced reference 
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strains within the SILVA database176. To identify potential pathogens within each 
sample, the taxonomy assignment output file for all ASVs was first subset to 146 genera 
known to contain pathogens curated by previous studies177-179. Next, those genera were 
subset again to only those ASVs mapped to species level using the strict 100% sequence 
matching criteria. Last, potential pathogens from each sample were identified from 
known human pathogenic species curated in the above studies followed by a 
confirmatory literature search of human infection cases with identified pathogenic 
species. 
4.2.4 Pollution indicator measurements  
Field measurements included dissolved oxygen, pH, and water temperature 
(Mettler Toledo pH/ion Meter), and a portion of these results have been reported in 
previous work131. Agricultural pollution indicators nitrate (NO3
-), phosphate (PO4
3-), total 
coliform bacteria, and Escherichia coli were measured in river water from sediment 
collection sites. Nitrate and phosphate were measured using Ion Chromatography in 
unaltered water samples (Dionex ICS-1100, Thermo Scientific). Total coliform bacteria 
and E. coli were measured in 100 mL of river water within 24 hours of collection using 
the USEPA approved Colilert Quanti-Tray®/2000 Method102. Metal concentrations 
within sediments were measured using Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) following digestion with concentrated nitric acid as in Beattie et al.131.  
4.2.5 Statistical Analyses 
Statistical analyses were performed in both PRIMER-E version 7 with the 
PERMANOVA+ add on package and R version 3.5.2. The phyloseq package in R was 
used to calculate relative abundances of raw ASV counts based on taxonomic 
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classification180. To determine microbial community patterns based on beta-diversity, 
non-metric multidimensional scaling (NMDS) plots were produced from a Bray-Curtis 
dissimilarity matrix of ASV relative abundance in conjunction with permuted 
multivariate homogeneity of dispersions (PERMDISP) and permuted multivariate 
analysis of variance (PERMANOVA). Additionally, distance based linear models 
(distLM) and distance-based redundancy analysis (dbRDA) were performed in PRIMER-
E to determine agricultural pollution factors impacting microbial community composition 
variation106. Functional Annotation of Prokaryotic Taxa (FAPROTAX) software was 
used to assign putative functional roles to ASVs181. Briefly, FAPROTAX assigns 
functional roles to ASVs at the genus or species level only if all cultured members of that 
group have the assigned function. Relative functional group abundances in each sample 
are then calculated as the total ASVs assigned to a particular function normalized to the 
total number of ASVs that were assigned a functional role in a particular sample.  
Resistance and resilience measurements of sediment alpha diversity (within 
sample) and beta-diversity (between samples) pre- and post-manure fertilization 
disturbance were calculated. We analyzed the community composition similarity between 
highly impacted, less impacted, and unimpacted sites in February 2017 using 
PERMANOVA and no significant differences (P>0.05) were found in community 
composition between any of the branches; thus we considered February samples as 
representative “pre-disturbance” in this highly contaminated region. May samples were 
classified as “disturbance” due to the start of the fertilization period (April 15th) and the 
intensity of manure fertilization at this timepoint. September and October samples are “4 
months post-disturbance”, and “5 months post-disturbance”, respectively. We postulate 
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that no significant difference in alpha or beta-diversity between pre-and post-disturbance 
samples indicates community resistance while a significant difference pre- and post- 
disturbance with a return to the pre- disturbance state indicates community resilience. 
Resistance and resilience indices at the alpha-diversity level were calculated using 
estimators of sample diversity, richness, and evenness including Chao1, ACE, Shannon, 
and Inverse Simpson diversity indices. Resistance and resilience at the beta-diversity 
level were estimated by calculating the difference in beta-diversity between pre- and 
post-disturbance microbial communities using both PERMANOVA (analysis of variance) 
and ANOSIM (analysis of similarity) tests, as in Shade et al. (2012)75 and Zhang et al. 
(2017)182. 
4.3 Results and Discussion 
4.3.1 Microbial community composition and function within sediments are impacted by 
pollutants from agricultural land runoff 
Intensive agriculture is a primary source of freshwater ecosystem pollution161, 183. 
Changes in microbial community composition and function resulting from intensive 
agriculture practices including non-point source pollution from manure fertilization 
runoff have been well documented50, 184-186. However, the specific impact of microbial 
and chemical contamination from manure runoff on the stability of sediment microbial 
communities in freshwater ecosystems is not well characterized. In order to determine 
microbial community composition in freshwater sediments both with and without impact 
from intensive agriculture land runoff, we collected a total of 68 seasonal sediment 
samples. Sampling locations included the Kewaunee River watershed, which is impacted 
by both CAFOs and multiple small farms, the Sturgeon Bay and Red River watershed, 
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which is outside of CAFO impacts, immediately north and south of a CAFO farm, and 
representative manure samples. Amplicon sequence variants (ASVs) based on NGS of 
16S rRNA genes were inferred from quality filtered reads and downstream sample 
processing resulting in a total of 3,545,815 sequences mapped to 16,240 distinct ASVs.  
In our samples, the core sediment microbial community (ASV taxa present in at 
least 50% of sediment samples) is comprised of members of the phyla Acidobacteria, 
Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Proteobacteria, and 
Verrucomicrobia, among others. Following sequence quality filtering, ASVs present in 
sediments above 0.25% relative abundance at the genus level were considered “highly 
abundant” taxa and are displayed in Figure 4-1. Highly abundant taxa in sediments 
include the genera Pseudomonas, Sulfuritalea, Novosphingobium, and Thiobacillus from 
phylum Proteobacteria; Flavobacterium from the phylum Bacteroidetes; Nitrospira from 
the phylum Nitrospirae; Gaiella from the phylum Actinobacteria, and Luteolibacter from 
the phylum Verrucomicrobia. Phyla Proteobacteria, Bacteroidetes, Cyanobacteria, and 
Verrucomicrobia are commonly reported as abundant members of freshwater ecosystems, 
equating to more than 90% of taxa in a meta-analysis187. Additionally, in comparison to 
marine and intertidal sediments, freshwater sediments are enriched in members of the 
genus Nitrospira and phylum Verrucomicrobia188, both of which are highly abundant in 
sediments from this study. However, as Wang et al.188 notes, comparison between 
freshwater riverine sediment studies is difficult because these sediments have historically 
been the least studied despite their functional importance. 
 
 
69 
 
 
The impact of agricultural land runoff on sediment microbial community 
composition differs spatially due to the presence or absence of CAFOs in each watershed 
and differences in agricultural land use. The Kewaunee River watershed contains six 
CAFOs and 79% agricultural land while the Red River-Sturgeon Bay watershed  contains 
 
Figure 4-1. Relative abundance of sediment amplicon sequence variants (ASVs) mapped to 
“highly abundant” genera, or those with a relative abundance of at least 0.25% across all 
sediment samples. 
ASVs are combined for samples within river watershed or by branch location within 
the Kewaunee River for all sampling dates. 
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no CAFOs and 57% agricultural land143. Due to these spatial differences, we investigated 
the specific taxonomic differences in ASV abundance between sediment samples from 
the branch of the Kewaunee River with the highest agricultural pollution impact (Branch 
2) and the locations least impacted by agricultural pollution (OKW sites combined; 
Figure 4-2). A total of 412 ASVs from 14 named phyla and 87 named genera were 
significantly more abundant (adjusted p<0.01) in Branch 2 sites of the Kewaunee River 
compared to OKW sites. These include ASVs of genera Thiobacillus, Methylotenera, 
Crenotrhix, Nitrospira, and Rhodoferax among others. Of ASVs mapped to the species 
level, those that were more abundant in Branch 2 sites include Arenimonas aquatica, 
Leptothrix cholodnii, Nitrospira defluvii, Flavobacterium flevense, Polaromonas 
naphthalenivorans, Zoogloea oleivorans, Flavobacterium psychrolimnae, and 
Flavobacterium xinjiangense. Members of these genera and associated higher level 
taxonomy are commonly found in freshwater environments187, 189, 190 but are frequently 
present in higher abundances when agricultural pollutants are present191-193. In particular, 
Nitrospira taxa have been found linked to fertilization practices in agricultural systems194, 
and Flavobacterium taxa are enriched in dairy cattle manure195, suggesting manure 
fertilization practices in Kewaunee County contribute to the diverse freshwater sediment 
microbial community composition in Branch 2.  
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To investigate how specific agricultural pollutants or environmental variables 
influence spatial differences in microbial community composition, we used distance-
based redundancy analysis (dbRDA). Within the Kewaunee River watershed, the four 
branches of the river are differentially impacted by intensive agriculture with Branches 1 
and 3 having no CAFOs located upstream but receiving runoff from multiple smaller 
farms, while Branch 2 and Downstream receive runoff from six CAFOs and associated 
agricultural land. Concentrations of nitrate (N), dissolved oxygen (DO), total fecal 
coliforms, E. coli, and 12 metals previously reported131 significantly contributed to the 
variation in microbial communities (Table S4-1). Multiple manure associated pollution 
indicators (nitrate, total fecal coliforms, heavy metals) significantly influence the 
variation in sediment microbial community composition, together contributing to 56.5% 
 
Figure 4-2. Differential abundance of ASVs between Branch 2 locations (highly impacted by 
intensive agriculture) and OKW locations combined (no impact from intensive agriculture). 
Each dot represents one ASV within the genera listed on the x-axis and colored by 
phylum. Only significant ASVs are represented with an alpha cutoff value of <0.01 
and Benjamini-Hochberg correction. 
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of the explained variation identified by dbRDA (Figure 4-3). Although microbial 
communities grouped by location do appear heterogeneous on the plot rather than 
forming tight clusters, Branch 2 and Downstream samples are closely ordinated with one 
another and vary strongly along dbRDA2, suggesting the spatial pattern of microbial 
communities is a result of the local concentration of pollutants. Spatial patterning within 
the Kewaunee River watershed was stronger than temporal patterning and was consistent 
across all timepoints, suggesting local concentrations of pollutants strongly select for 
sediment microbial community composition, similar to the results of a multi-year study 
by Fortunato et al.196. 
 
 
Figure 4-3. Distance-based redundancy analysis (db-RDA) of Kewaunee County watershed 
sediment microbial communities in response to measured environmental factors. 
Variables found to explain variation in communities nearing significance (P<0.1) and 
moderate to strong correlations (r2>0.2) are displayed in the plot (for all variables in 
the model, see Table S4-1). 
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Changes in the abundance of microbial taxa within sediments can alter key 
ecosystem processes due to the functional importance of microorganisms; thus, putative 
microbial community functions were analyzed via Functional Annotation of Prokaryotic 
Taxa. Due to the strict functional assignment criteria of FAPROTAX (see methods), 
functional roles were only assigned to 16.8% of ASVs in this study. However, 
generalizations about dominant functions in samples and taxa associated with those 
functions can be assessed. Most samples were enriched for ASVs assigned to aerobic 
chemoheterotrophy (Figure 4-4), which can likely be attributed to the increased carbon 
available from agricultural land runoff in the sampled region as indicated by other 
studies197, 198. Interestingly, Branch 2 and DD sites, both highly impacted by intensive 
agriculture, contained the highest relative abundance of chemoheterotrophy functions 
while OKW and Branch 1 sites, either unimpacted or less impacted by agricultural land 
runoff, contained the lowest relative abundance of these functions. Functions assigned to 
the remainder of highly abundant genera in sediments across all study locations (Figure 
4-1) can be found in Table 4-1. 
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Figure 4-4. Relative abundance of functions assigned by FAPROTAX to each sample clustered by 
river watershed (DD, OKW) or Kewaunee River watershed branch (Branch 1-3, Downstream) 
for all sampling dates. 
Mean relative abundance with standard deviation error bars are shown for each 
cluster. 
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Table 4-1. Functions assigned to highly abundant genera via FAPROTAX. 
Genus or Species Assigned Functions 
Arenimonas Chemoheterotrophy 
Crenothrix 
Chemoheterotrophy, Hydrocarbon Degredation, 
Methanotrophy, Methylotrophy 
Denitratisoma oestradiolicum 
Chemoheterotrophy, Nitrate reduction, Nitrate respiration, 
Nitrogen respiration 
Ferruginibacter Chemoheterotrophy 
Flavobacterium Chemoheterotrophy 
Gallionella Dark iron oxidation 
Geobacter Iron respiration 
Leptothrix cholodnii Dark iron oxidation 
Methylotenera Chemoheterotrophy, Methanol oxidation, Methylotrophy 
Nitrospira Aerobic nitrate oxidation, nitrification 
Novosphingobium Chemoheterotrophy 
Pseudomonas Chemoheterotrophy 
Rhodoferax ferrireducens 
Chemoheterotrophy, Nitrate reduction, Nitrate respiration, 
nitrogen respiration, Iron respiration 
Thiobacillus 
Dark oxidation of sulfur compounds, Dark sulfide 
oxidation  
 
 
Additional functions identified in freshwater sediments included fermentation, 
nitrate reduction, nitrate respiration, and sulfate respiration (Figure 4-4). Functions 
including nitrate reduction and respiration were significantly more abundant (p<0.05) in 
Branch 2 samples than OKW samples, indicating potential differences in microbial 
community function in areas highly impacted by intensive agriculture compared to 
unimpacted locations. This finding was also reflected by the ASV taxa mapped to these 
functions including Rhodoferax and Nitrospira which were found to be both more 
abundant in highly impacted sites (i.e. Branch 2; Table 4-1). Nitrospira are ubiquitous 
members of the nitrogen cycle, known to perform key functions including nitrite 
oxidation from ammonia and facilitation of nitrate reduction199; thus, ammonia inputs to 
freshwaters from manure runoff can increase the abundance of members of this genus 
and increase the concentration of nitrate in surface waters200. Higher concentrations of 
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nitrate contribute to freshwater eutrophication and threatens human health when present 
in drinking water supplies. Rhodoferax and Thiobacillus taxa are known to reduce iron 
and oxidize sulfur, respectively201, 202. Additionally, members of the genera 
Methylotenera and Crenothrix can utilize reduced carbon sources, such as methane, as 
their primary carbon source203, 204; as such, they play a major role in freshwater carbon 
cycling. Together, the increased abundances of these genera at sites highly impacted by 
intensive agriculture likely reflects their functional importance and ability to utilize 
nutrient inputs from agricultural land runoff in freshwater sediments. 
4.3.2 Microbial diversity, resistance, and resilience of sediments impacted by 
agricultural land runoff  
Microbial community alpha diversity (within sample diversity) was estimated 
before, during and after disturbance using Chao1, ACE, Shannon, and Inverse Simpson 
diversity metrics within samples clustered by sampling location (Figure 4-5). Within 
sample evenness and richness did not differ significantly pre-and post-disturbance 
(p>0.05) regardless of sample location; however, microbial communities of sediments 
highly impacted by manure fertilization were significantly more diverse four months 
post-disturbance compared to their pre-disturbance state (Figure 4-5C-D). Other studies 
in coastal78 and freshwater sediments182 have also found that disturbance increases 
diversity in sediment microbial communities. Microbial communities from less or non-
impacted sites were relatively stable over the course of the sampling period. 
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Spatial differences in the abundance of dominant taxa are evident from Figure 4-
1; thus, we investigated both spatial and temporal patterns of the sediment microbial 
communities across the three sampled watersheds. Using Bray-Curtis dissimilarity to 
quantify beta diversity of sediments (between sample diversity) we compared differences 
in sampling watershed, sampling location, and sampling month for all samples. 
Sediments from different watersheds contained significantly different microbial 
community composition (PERMANOVA, P=0.001 main test, p<0.01 post-hoc t-tests; 
Table S4-2). This suggests that spatial differences between watersheds strongly influence 
sediment microbial community structure likely due to the high proportion of agricultural 
land use (non-point source pollution) and CAFO presence (point source pollution) 
impacting sample locations within the Kewaunee River watershed  (79% agricultural 
 
Figure 4-5. Microbial response to manure fertilization disturbance, estimated with changes in 
alpha-diversity of individual samples clustered by sampling location using indices including: A) 
Chao1 Index, B) ACE Index, C) Shannon Diversity Index, and D) Inverse Simpson Index.  
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land, 6 CAFOs) compared to the Ahnapee River watershed samples (71% agricultural 
land and 1 CAFO) and Red River-Sturgeon Bay watershed (57% agricultural land and 0 
CAFOs). Within the Kewaunee River watershed, we found microbial communities are 
spatially and temporally structured with significant compositional differences present 
between all branches of the river but not between all months (see Table S2-1 for sample 
sites within each river branch). February and May samples are significantly different 
from all other sampling months, but samples from September and October are not 
significantly different from one another (p=0.83, Table 4-2). Ecological theory supports 
differences in microbial community composition both over time and with increased 
geographic distance205; however, the strong spatial gradients in sediments (including 
gradients of agricultural pollutants) suggest that sediment microbial communities vary 
more strongly on spatial scales206.  
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Table 4-2. Microbial community composition response to manure fertilization disturbance measured 
by differences in beta-diversity between pre- and post-disturbance samples within the Kewaunee 
River watershed. 
ANOSIM* 
 
Before 
Disturbance 
Manure 
Fertilization 
4 months 
post 
5 months post 
Before 
Disturbance 
 0.003 0.01 0.002 
Manure 
Fertilization 
0.195  0.006 0.001 
4 months post 0.144 0.135  0.782 
5 months post 0.253 0.193 -0.031  
*Upper triangle values represent p values of the ANOSIM test (bolded values 
are significant) while lower triangle values represent the ANOSIM R statistic of 
differences in beta-diversity similarity between sampling dates.  
PERMANOVA+ 
 
Before 
Disturbance 
Manure 
Fertilization 
4 months 
post 
5 months post 
Before 
Disturbance 
 0.01 0.001 0.001 
Manure 
Fertilization 
1.3759  0.018 0.001 
4 months post 1.5085 1.3924  0.83 
5 months post 1.5830 1.621 0.85224  
+Upper triangle values represent p values of the PERMANOVA test (bolded 
values are significant) while lower triangle values represent PERMANOVA 
pair-wise t-tests of differences in beta-diversity variance between sampling 
dates.  
 
 
The manure fertilization period in Kewaunee County begins in mid-April 
annually, serving as a repeated press disturbance to surrounding ecosystems. We 
hypothesized that sediment microbial communities of the highly impacted Kewaunee 
River watershed would be resilient to the annual manure fertilization disturbance because 
of the repeated, long-term exposure to microbial and chemical stressors in the region. We 
calculated the resistance and resilience of sediment microbial communities based on 
alpha diversity (richness and evenness) and beta-diversity (community composition). 
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Sediment microbial richness, as measured by multiple alpha-diversity indices (Figure 4-
5), did not differ significantly pre- and post-disturbance at any sampling location; 
however, the community composition and relative abundance of individual taxa was 
altered by manure fertilization disturbance. Resistance and resilience of microbial 
community composition was estimated using PERMANOVA and ANOSIM statistics to 
determine if significant differences in microbial community variability and similarity 
both pre-and post-disturbance existed throughout both the entire watershed and by 
individual river branch location (Table 4-2). At the watershed level, significant 
differences in the beta-diversity of sediment microbial community composition between 
pre- and post-disturbance samples were identified, indicating microbial communities are 
not resilient up to four months after disturbance (Table 4-2). Calculated beta-diversity of 
sediment microbial communities within pre- and post-disturbance samples were 
significantly dissimilar; however, microbial community composition of both post-
disturbance samples (September and October) were more similar to one another than 
samples pre- or during the disturbance (R=-0.031). This suggests sediment microbial 
communities impacted by manure fertilization disturbance reach a new steady state 
(Table 4-2).  
When the differences within microbial community beta diversity over time of 
each branch of the Kewaunee River was calculated separately, we discovered that the 
lack of resistance and resilience identified in these sediments was driven by two of the 
four branches of the Kewaunee River: the highly impacted Branch 2 and Downstream 
branches. The other two, less impacted branches of the Kewaunee River were not 
dissimilar over time and were instead resistant to microbial community compositional 
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changes. Additionally, OKW sites which have no impact from CAFO farming were not 
significantly different during the timescale of this study (Table S4-3). This result clearly 
indicates that the differences in microbial community composition found pre- and post- 
disturbance in this study are not simply due to seasonal temporal turnover or seasonal 
changes in environmental variables, but rather can be attributed to manure fertilization 
disturbance, strengthening support for our hypothesis of manure fertilization disturbance 
as the driver of changes in sediment microbial community composition at highly 
impacted river locations. Additionally, these results are supported by significant increases 
in the abundance of taxa associated with nutrients or pollutants from agricultural runoff at 
highly impacted locations (see Figure 4-2 above). Other studies have shown that 
microbial communities may take several years to exhibit resilience to disturbance76, 182, 
207. In highly impacted areas of chronic contamination such as the Kewaunee River 
watershed, microbial communities may never return to a “pre-disturbance” state as they 
are continually exposed to multiple stressors from agricultural land runoff (microbial 
pathogens, heavy metals, nutrients, antibiotics, etc.).  
One limitation of this study is that samples were collected over one year; thus, 
additional sample collection over multiple years is necessary to fully tease apart the 
relationship between disturbance, resilience, and seasonal temporal turnover in 
freshwater sediments. It is important to note that the temporal changes in microbial 
community composition associated with agricultural runoff disturbance in this study 
could also be associated with seasonal changes that occur in temperate regions such as 
Kewaunee County, WI. For example, the concentration of dissolved oxygen in surface 
waters is known to change seasonally with temperature208 but also with increased 
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concentrations of organic pollutants209, 210. In this study, dissolved oxygen was shown to 
significantly impact variation in microbial community composition (Figure 4-3) and did 
change significantly during each sampling timepoint, with the highest measured 
concentrations in February and the lowest in September/ October (data not shown). The 
Kewaunee River watershed, as a whole, displayed a temporal trend in microbial 
community composition; thus, without further investigation, one would be inclined to 
link seasonal changes in environmental variable concentration with the observed 
differences in microbial community composition. However, as we note above, the strong 
temporal trend was only identified in branches of the Kewaunee River that are highly 
impacted by intensive agriculture disturbance. This temporal trend disappears entirely in 
less impacted branches and the unimpacted OKW sites, supporting our hypothesis that 
agricultural runoff disturbance and associated spatial differences drive changes in 
microbial community composition in these sediments, not seasonal differences. These 
results highlight the complexity of analyzing the impacts of press disturbance in natural 
environments.  
4.3.3 Identified potential pathogenic genera and species in freshwater sediments are 
associated with the cattle microbiome 
Using manure as cropland fertilizer introduces a number of human health risks 
into the environment including potential pathogenic bacteria211. Due to the presence of 
sixteen CAFO operations and manure fertilized cropland throughout the study area, we 
predicted that potential pathogens associated with the cattle microbiome would be 
detected more frequently in sediments at river locations impacted by agricultural runoff 
from intensive agriculture. Across all samples (including manure samples), 889 ASVs 
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were mapped to a total of 46 genera known to contain human pathogens equating to 5.5% 
of the total sequence variants observed in this study (Table S4-4). Of the 889 ASVs, 93 
(10.5%) were classified to the species level using the strict 100% sequence matching 
method. Of these 93, twelve ASVs (12.9%) were identified as known human pathogen 
species equating to a total of nine species (Table S4-4). We note that this method does 
not confirm pathogenicity of the identified species but does confirm their presence in 
these sediments.  
Multiple potential human pathogens associated with the cattle microbiome were 
identified to the species level in both manure and sediment samples including 
Acinetobacter lwoffii, Aeromonas sobria, and Arcobacter skirrowii (Table S4-5). 
Although Acinetobacter, Aeromonas, and Arcobacter genera are ubiquitous in freshwater 
environments, these genera contain opportunistic pathogens whose presence has been 
shown to increase following manure pollution212, 213. This result, together with the 
increased diversity of potential pathogens within the Kewaunee River watershed 
following the start of the manure fertilization period in late April, supports our 
hypothesis. We anticipated the detection of a diverse array of pathogens in Branch 2 and 
Downstream of the Kewaunee River but were surprised to also see an increase in 
pathogen diversity in Branch 1 due to the lack of CAFO farms impacting these locations 
(Table S4-5). However, Branch 1 locations still receive agricultural runoff from manure 
fertilized cropland which demonstrates the widespread contamination in the county. 
Additionally, OKW locations which are unimpacted by intensive agriculture do not show 
a similar increase in pathogen diversity with time. While 16S rRNA sequence data alone 
cannot predict functional pathogenicity potential of the identified species, presence of 
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these species and changes in their abundance might be considered in human health risk 
assessments. Pathogen contamination of freshwater resources is estimated to impact more 
than 480,000 km of river ecosystems in the United States alone35, and manure is a 
primary source of these non-native bacteria in freshwater enviornments36. In Kewaunee 
County, both recreational freshwaters and groundwater drinking wells are at risk from 
manure runoff contamination due to the highly fractured karst bedrock geology. Thus, the 
identification and abundance of potential pathogens from agricultural sources should be 
further monitored in addition to the resistance and resilience of sediment microbial 
communities to infiltration by these potential pathogens.  
 Sediment microbial communities are a core, but relatively understudied, 
component of freshwater ecosystems. Because sediments serve as sites of accumulation 
and transfer of pollutants and microorganisms121, they are excellent indicators of long-
term contamination from both point and non-point sources. Microbial communities 
within these sediments provide additional information about the health and functioning of 
the ecosystem as changes in core microbial taxa and functions can be reflective of 
environmental disturbance. In this study, we evaluated the impacts of long-term press 
disturbance on sediment microbial community composition and function in freshwater 
ecosystems. We found that sediment microbial communities within the highly impacted 
branches of the Kewaunee River are not resilient to manure fertilization disturbance over 
short timescales but do reach an alternative steady state. Sediment microbial community 
composition also varies significantly in association with local concentrations of 
agricultural pollutants. Microbial community functions in impacted freshwater sediments 
included anaerobic functions suggesting depleted dissolved oxygen and possible 
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eutrophication events at locations highly impacted by manure runoff. Additionally, nine 
potential pathogens were identified to the species level, three of which are known to be 
associated with or originate from the cattle microbiome. Together, our results suggest 
agricultural land runoff from intensive livestock farming practices increases risks to 
environmental and human health by disseminating pollutants into the ecosystem and 
reducing the ability of the ecosystem to resist the influx of harmful bacteria and toxic 
chemicals.  
 This study does have a few limitations including the short timescale of the study 
and seasonal sampling. Additionally, calculating resistance and resilience under a natural 
press disturbance is difficult due to the continual contamination in the region and a lack 
of clearly defined “disturbance” timepoints. However, despite these limitations, the 
results presented here provide a strong case demonstrating the impact of press 
disturbance in freshwater sediments indicating microbial communities lose their potential 
to resist long-term, repeated stressors which alters ecosystem health and functioning.  
This study highlights the impact of intensive agricultural contamination on the 
freshwater sediment microbial communities that serve as drivers of ecosystem processes. 
Further environmental monitoring is needed to determine the mechanism of specific 
biological and chemical drivers that contribute to decreased water quality and their 
impact on the resistance and resilience of freshwater microbial communities following 
pulse and press disturbances. Results from this study suggest that microbial communities 
exposed to repeated, long-term environmental manure contamination do not fully recover 
by five most post-disturbance, indicating that manure fertilization policies need to be re-
evaluated to reduce exposure in surrounding ecosystems. Preventative measures, 
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including construction of wetlands, buffer strips, and winter cover crop planting, aimed at 
reducing chemical and microbiological pollutants from manure runoff into freshwater 
sources should be implemented to protect environmental and human health. 
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5. CHAPTER 5: NUTRIENTS FROM MANURE DRIVE INCREASES IN 
ENVIRONMENTAL ANTIBIOTIC RESISTANCE BY ALTERING MICROBIAL 
COMMUNITY STRUCTURE  
 
 
5.1 Introduction 
 Manure fertilization of cropland is an economic form of waste management for 
livestock farmers and provides an alternative source of nitrogen and phosphorus for food 
crops214. However, livestock manure has also been implicated as a significant source of 
antibiotic resistance in the environment127, 215. Resistant bacteria (ARB), genes (ARGs), 
and pathogens have been found in livestock manure and associated manure fertilized 
soils58, 59, 216, and this effect is exacerbated in manure from animals that have been treated 
with antibiotics57, 217. Resistance determinants originating from manure can spread 
beyond livestock feeding farms and fertilized cropland through runoff events resulting in 
the dissemination of antibiotic resistance across multiple environments, including 
freshwater ecosystems47, 54, 131. Antibiotic resistance determinants within manure may be 
transferred to the inherent environmental microbiome which includes opportunistic 
pathogens218, putting human and animal health at risk. The effects of manure on the 
environmental resistome have been studied extensively in soils directly impacted by 
manure fertilization, but the impact of manure runoff on antibiotic resistance in 
freshwater ecosystems is not well understood. Freshwater ecosystems are intricately 
connected to human and animal health as they provide sources of recreation, food and 
drinking water; thus, a better understanding of the drivers of antibiotic resistance in this 
system is vital for development of mitigation strategies.  
 The mechanism by which manure increases environmental abundances of 
antibiotic resistance is not fully understood. Although it is clear that manure can directly 
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contribute ARB and ARGs, the survivability of these non-native microorganisms and 
resistance determinants in natural settings varies219, and transfer rates of ARGs between 
manure derived and environmental microorganisms has not been well studied. Antibiotic 
concentrations vary in manure220 but may create selective pressure for ARB in 
environmental microbiomes. While there is evidence that even subinhibitory 
concentrations of antibiotics increase the abundance of ARB40, this effect is not well 
studied in agroecosystems32.  
Udikovic-Kolic and others have suggested that nutrients from manure may 
increase resistance levels in soils impacted by manure fertilization58, consistent with 
research showing that elevated nutrients alter microbial community composition over 
time221, 222. Major nutrients in manure include carbon, nitrogen, and phosphorus, each of 
which has the potential to fundamentally alter microbial community structure by 
selecting for copiotrophs223. Changes in microbial community composition can alter 
ecological niches and may favor proliferation of rare taxa that harbor ARGs224. The 
impact of manure derived microorganisms versus manure derived nutrients on 
environmental microbial community composition is difficult to tease apart but is 
necessary to identify if nutrients alone drive the proliferation of antibiotic resistance.  
Here, we used a freshwater mesocosm experiment to evaluate the impact of 
manure derived nutrients on the abundance of ARGs and microbial community structure 
in sediments. Using sterilized manure, we compared the effect of manure derived 
nutrients to inorganic chemical nutrients added to the system in concentrations equivalent 
to those found in freshwater ecosystems impacted by manure runoff. We hypothesize that 
nutrients from sterile manure and inorganic chemicals will equally increase ARGs in 
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freshwater sediments, indicating that nutrients from manure drive ARG proliferation, not 
the manure microbial community. Additionally, we evaluated if nutrient treatments in 
combination with subinhibitory levels of chlortetracycline, a common antibiotic used in 
livestock farming, would additionally increase ARG abundance. We hypothesize that 
nutrients in combination with chlortetracycline will increase ARG abundance compared 
to nutrient treatment alone. Microbial community composition was also evaluated for 
enrichment of genera associated with measured ARGs and potential pathogens. This 
experimental study will tease apart the mechanism by which manure drives antibiotic 
resistance in the environment.  
5.2 Materials and Methods 
5.2.1 Sediment and Manure Collection, Manure sterilization  
 Freshwater sediment was collected from site SCKR of the Kewaunee River in 
Kewaunee County, Wisconsin which has been fully described elsewhere131. This site was 
chosen as a representative sampling site due to its low background levels of antibiotics, 
resistance genes, and total organic carbon content. Sterile five-gallon buckets were used 
to collect sediment in April 2019. The sediment was homogenized in the field, 
subsampled for pre-experiment bacterial counts, chemistry, and DNA extraction, and 
subsequently stored at 4℃ until mesocosm setup.  
Composite cattle manure was collected from a <200 head farm in Kewaunee 
County, Wisconsin in late April. Manure used in this study was collected from the pens 
of cattle that had not been treated with antibiotics. Manure was homogenized in the field 
and subsequently halved, with one half subsampled as above and stored unaltered at 4℃ 
until use and the other half sterilized as detailed below. 
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Raw manure was sterilized by autoclaving at 121℃ for one hour on three 
consecutive days. Heterotrophic plate counts were performed in triplicate on Tryptic Soy 
Agar (TSA) following each round of autoclaving. No growth was identified in sterile 
manure after 2 rounds. Sterile manure was subsampled and used for mesocosm setups as 
detailed below.  
Subsamples of raw sediment, raw manure, and sterile manure were analyzed for 
chemical parameters to determine background levels before mesocosm setup; details can 
be found in Table S5-1.  
5.2.2 Mesocosm Design and Experiment 
 Sterile 4L glass jars (Fisher Scientific) were used to house freshwater sediment 
mesocosms. Mesocosms were designed to test the impact of carbon and nutrients with or 
without subinhibitory concentrations of chlortetracycline on sediment ARGs and 
microbial community structure under conditions meant to mimic carbon concentrations 
that would be found in freshwater ecosystems highly impacted by manure runoff, such as 
the Kewaunee River. A total of 24 mesocosms were used which included eight treatments 
each with three biological replicates. Treatments included sediment control, sediment + 
sterile manure, sediment + carbon and inorganic chemicals (sediment + lab chem), 
sediment + chlortetracycline (AB), sediment + sterile manure + AB, sediment + carbon 
and inorganic chemicals (lab chem) + AB, sediment + raw manure, and sediment + raw 
manure + AB. Sterile and raw manure concentrations of organic carbon, nitrate, 
phosphate, and ammonium were measured before the experimental setup (Table S5-1) 
and were added proportionally to mesocosms to achieve approximately 200 mg/L of 
dissolved added carbon. Carbon, nitrate, phosphate, and ammonium levels in mesocosms 
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containing lab-based carbon and inorganic chemicals were added in concentrations 
equivalent to background levels in sterile manure as dextrose (carbon), sodium nitrate, 
potassium phosphate, and ammonium sulfate (Sigma). See additional setup details in 
Table S5-2.   
 Approximately two liters of sterile artificial freshwater (see supplemental 
methods for recipe) were added to each of the 24 mesocosm jars followed by each of the 
mesocosm treatments (see supplemental methods). Mesocosms including artificial 
freshwater and treatments were equilibrated for 48 hours without sediment and 
subsampled at 8, 16, and 24 hours to ensure sterility in each mesocosm using 
heterotrophic plate counts on TSA; no bacteria were detected in any mesocosm including 
those with raw manure treatment at the above timepoints. Chemical parameters were 
measured to ensure consistency across treatments before sediment addition (Figure S5-1, 
Table S5-2). Dissolved organic carbon concentrations differed between sterile manure 
treatments and inorganic chemical treatments but were not adjusted because: 1) carbon 
added to each system was the total organic carbon equivalent of 200 mg/L, 2) carbon 
measured was dissolved organic carbon and we anticipated this value would be lower for 
manure, a complex carbon source, and 3) carbon concentrations for both treatments fell 
within the range of concentrations found in freshwaters impacted by manure runoff (100-
250 mg/L carbon). After confirmation of sterility and nutrient equivalency, 
approximately 550 g of sediment was added to each mesocosm to a depth of 
approximately 5 cm. Mesocosms were covered with parafilm to allow free oxygen 
passage and stored in a random block design in a light controlled room with 12 hours 
light, 12 hours dark at 20℃. On each sampling day, 3 sediment “cores” were collected 
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from each mesocosm and homogenized within mesocosm replicate for heterotrophic plate 
counts, ATP activity, ARG quantification, and DNA extraction while approximately 100 
mL of surface water was collected, filtered (0.45 uM syringe filters, Fisher Scientific), 
and analyzed for dissolved organic carbon, nitrate, phosphate, ammonium, 
chlortetracycline, dissolved oxygen, and pH. Chlortetracycline concentrations in surface 
water were analyzed at Day 1 and Day 21; all other measurements were recorded at Day 
1, Day 3, Day 7, Day 14, Day 21, Day 28, and Day 44 with Day 1 being 24 hours after 
sediment addition to the mesocosms. Oxygen was reintroduced to the system through a 
bubbler on Day 7 for 5 minutes per mesocosm; otherwise, mesocosms remained 
unamended after sediment addition through the end of the experiment. See Figure 5-1 for 
a schematic design of the mesocosm setup and sampling regime. 
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5.2.3 Biological and Chemical Measurements  
5.2.3.1 Heterotrophic Plate Counts 
 Approximately 1 g of homogenized sediment from each mesocosm was mixed 
with 9 mL of sterile phosphate buffered saline and shaken at 200 rpm for 1 hour. Serial 
dilutions of the mixture were plated in triplicate on TSA plates and incubated at 37℃ for 
24 hours. Countable plates (30-250 colonies/ plate) were averaged for a minimum of 
three plates per mesocosm.  
 
Figure 5-1. Schematic design of the mesocosm setup including mesocosm treatments and collected 
samples. 
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5.2.3.2 ATP Activity-Cell Viability Assay 
 Cell viability via ATP activity was measured using the PrestoBlue™ Cell 
Viability Reagent from ThermoFisher Scientific. Approximately 1 g of homogenized 
sediment from each mesocosm was mixed with 9 mL of sterile phosphate buffered saline, 
shaken for one hour at 200 rpm, and subsequently diluted 1:2. Both dilutions were plated 
in a sterile 96 well black fluorescence plate at a volume of 90 uL in triplicate. The 
PrestoBlue reagent was then added (10 uL) and the plates were incubated for 12 hours 
covered in the dark. Plates were read at 560 and 590 nm wavelengths for fluorescence 
following incubation. Sterile water plus the PrestoBlue reagent served as the negative 
control. Details for optimization of the assay can be found in Chapter 8, section 8.5.7 
below. 
5.2.3.3 Chemical measurements  
 Dissolved oxygen and pH of mesocosm surface water were measured using 
benchtop analyzers (Mettler Toledo). Dissolved organic carbon was measured in filtered 
surface water from each mesocosm using a Shimadzu Total Organic Carbon Analyzer. 
Nitrate (NO3-N), ammonium (NH3-N), and phosphate (PO4) were measured in filtered 
surface water using Hach® TNT test kits following manufacturer instructions. 
Chlortetracycline was extracted from raw manure, raw sediment, and sterile manure 
before mesocosm setup and from mesocosm surface water on Days 1 and 21 of the 
experiment, using solid phase extraction methods followed by liquid chromatography 
tandem mass spectrometry (LC/MS/MS) thoroughly described elsewhere101.  
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5.2.4 DNA Extraction and quantification of tetracycline resistance genes  
 DNA was extracted from approximately 0.33 g of sediment per mesocosm or raw 
sediment, raw manure, and sterile manure using the FastDNA™ Spin Kit for Soil from 
MP Biomedicals following manufacturer instructions. DNA was quantified using a Qubit 
Fluorometer.  
 SYBR Green chemistry was used for qPCR assays of the following genes: V3 
region of 16S ribosomal RNA, Tetracycline resistance protein, class C (tetA), 
Tetracycline resistance leader peptide (tetL), Tetracycline resistance protein TetQ (tetQ), 
and Tetracycline resistance protein TetW (tetW). All genes were quantified in duplicate 
on a Real-Time PCR System (Bio Rad CFX Connect) from one DNA extraction per 
mesocosm biological replicate and averaged for total gene abundance (six technical 
replicates per mesocosm treatment type). Primers and cycling conditions used in this 
study are listed in Table S5-3. qPCR reaction mixtures contained 15 uL of Master Mix 
(10 uL SYBR Green MM, 2 uL of 10 uM each F/R primers, 6 uL H2O) and 2 uL of 
undiluted gDNA. Standard curves were generated from Escherichia coli containing 
confirmed clones harboring genes of interest. Seven-point standard curves and no 
template controls were present in duplicate for each qPCR run. Limit of detection for 
each gene is listed in Table S5-3; no detect values from each plate were replaced with the 
limit of detection for each gene for downstream analyses. Quality control for qPCR 
reactions included melt-curve analysis for each run and reamplification of duplicate 
samples containing more than 0.5 Ct value variance or efficiency outside the range of 90-
110%.  
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5.2.5 16S rRNA sequencing and sequence analysis 
 Raw sediment, raw manure, and sterile manure were sequenced in duplicate. Two 
of the three mesocosm replicates from each treatment on Days 1, 3, 7, 14, and 28 were 
also sequenced. Sequencing parameters and quality control have been described fully 
elsewhere (Beattie et al.in review, Chapter 4 Section 4.2.3 above). Briefly, samples were 
sequenced using the Illumina MiSeq Platform at the University of Wisconsin 
Biotechnology Center (Madison, Wisconsin, USA) using 16S rRNA primers for the V3-
V4 hypervariable region. The DADA2 (v1.14) pipeline175 was used to process raw reads 
and the SILVA database (v132) was used to assign taxonomy to the species level176. The 
resulting amplicon sequence variant (ASV) table was further process to remove any ASV 
with less than five reads across all samples or present in less than three samples. 
Additionally, 11 ASVs were identified in the sterile manure samples which were 
subsequently removed from all sequenced samples for quality control. Identification of 
potential pathogens was performed as previously described (Beattie et al. in review, 
Chapter 4 Section 4.2.3 above).  
5.2.6 Statistical Analyses 
Statistical analyses were performed in R version 3.6, PRIMER-E version 7, and 
GraphPad Prism 8. qPCR gene concentrations were analyzed for normality using the 
Shapiro-Wilk test and subsequently log transformed for all downstream analyses to 
achieve a normal data distribution. The parametric two-way ANOVA with the Dunnett 
multiple comparison correction was used to determine significant differences between 
gene abundance by treatment and time following log transformation of ARGs. To 
determine microbial community patterns by treatment type, a Bray-Curtis dissimilarity 
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matrix of ASV relative abundance was produced and subsequently analyzed by the non-
parametric statistical test permuted multivariate analysis of variance (PERMANOVA). 
Additionally, non-parametric distance based linear models (distLM) and distance-based 
redundancy analysis (dbRDA) were performed in PRIMER-E to determine mesocosm 
factors impacting microbial community composition variation106. These non-parametric 
methods do not assume underlying structure in the data and are suitable for highly diverse 
microbial community composition analyses. Functional predictions were assigned to the 
classified ASVs using Tax4Fun in R which predicts functions based on assigned 
taxonomy using the SILVA database (the methodology is similar to the PICRUSt 
algorithm for determining functions based on 16S rRNA gene sequencing)225.  
5.3 Results and Discussion 
5.3.1 Manure nutrients and chemically derived nutrients enrich tetracycline ARGs in 
freshwater sediment 
 We compared the impact of nutrient addition from sterile manure or inorganic 
chemicals plus carbon, with or without subinhibitory levels of chlortetracycline, on 
tetracycline ARGs, microbial community structure, and microbial functional potential in 
freshwater sediment using a mesocosm experiment. Manure contaminates freshwater, 
especially in areas of intensive livestock farming that use manure as cropland fertilizer 
and has been shown to increase the abundance of antibiotic resistance in the environment. 
We focused on tetracycline resistance genes as tetracycline antibiotics are commonly 
used for livestock and associated ARGs are frequently found on mobile plasmids226. 
Culturable bacteria counts were analyzed first to determine if the number of aerobic 
bacteria differed between treatments as this can impact the abundance of ARGs. No 
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differences in culturable bacterial counts were found between mesocosms treated with 
sterile manure or inorganic chemicals plus carbon on Days 1, 3, 7, and 44, but 
mesocosms with inorganic chemical treatment contained significantly more culturable 
bacteria on Days 14 and 28 compared to mesocosms treated with sterile manure (Figure 
S5-2). Due to this finding, all tetracycline gene abundances were normalized to the 16S 
rRNA gene abundance (a proxy for total bacteria) and relative abundances were 
compared.  
Tetracycline resistance genes tetW, tetQ, and tetL were enriched in mesocosms 
treated with sterile manure over the 44-day experiment compared to control sediments 
(enrichment here is defined as at least 2 times the relative abundance of an individual 
gene in the treated versus control mesocosms, Figure 5-2). This enrichment was 
particularly strong for each of the three genes on Day 1 and Day 3 of the experiment but 
was only statistically significant for tetQ on these sampling timepoints. Following a sharp 
decline in gene abundance on Day 7, the abundance of tetW was also enriched in sterile 
manure treated mesocosms compared to the control on Day 14 and 21, and tetQ was 
additionally enriched on Day 21. However, while the genes remained quantifiable in the 
sterile manure treated mesocosms, the enrichment effect dissipated with time. 
Tetracycline resistance gene tetA was not enriched by sterile manure treatment compared 
to the control. All measured tetracycline resistance genes including tetW, tetQ, tetL and 
tetA were also enriched in sediment by inorganic chemicals plus carbon, although the 
effect was not as strong as with sterile manure enrichment (Figure 5-2), and the 
enrichments were not statistically significant. Mesocosms treated with inorganic 
chemicals plus carbon also experienced a sharp decline in gene abundance on Day 7 as 
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the mesocosms treated with sterile manure; this decline followed by a gradual increase in 
gene abundance within treatment type was significantly and positively correlated with the 
concentration of dissolved oxygen (p<0.01, r>0.5). These results indicate that high 
biological replicate variability reduces the statistical significance that can be applied to 
the qPCR data collected in this study, but does not negate the clear trend of gene 
enrichment caused during the nutrient addition phase as displayed by the sharp spikes in 
gene abundance of Day 1 and Day 3 of the experiment in treated mesocosms. This 
suggests that nutrients from both sterile manure and inorganic chemicals plus carbon 
increase the abundance of tetracycline resistance genes in sediments, especially in the 
first 24-72 hours after their addition.  
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Figure 5-2. Relative abundance of tetracycline resistance genes superimposed over 
dissolved oxygen. 
Tetracycline resistance gene abundance per 16S rRNA in control (black circle), inorganic 
chemical plus carbon (red square), and sterile manure (blue triangle) treated mesocosms are 
shown as mean ± standard error while dissolved oxygen is represented as blue (sterile manure) 
or red (inorganic chemical plus carbon) bars. The * symbol denotes significantly different gene 
abundance based on two-way ANOVA for sterile manure compared to control. The letter “a” 
represents 2 times or more enrichment of the gene in inorganic chemical plus carbon treated 
mesocosms compared to control mesocosms while “b” represents 2 times or more enrichment 
of the gene in sterile manure mesocosms compared to the control.  
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This result is in contrast to other recent experimental studies where researchers 
found that manure significantly enriched ARGs in soils compared to inorganic fertilizer 
treatment or lab-based nutrient amendment58, 59. This difference may be attributed to 
addition of carbon to the inorganic chemical treatment. Carbon is not commonly added to 
the inorganic chemical or fertilizer treatment in these studies as inorganic fertilizers do 
not contain carbon. However, as a major component of manure fertilizer, carbon should 
be considered in the inorganic chemical treatment comparisons as in this study. 
Additionally, the concentration of nutrient values used here are similar to those found in 
freshwaters contaminated by manure runoff. Our results suggest that even low 
concentrations of nutrients (when compared to those applied to agricultural soils) alter 
freshwater ecosystem system chemistry inducing an early bloom of ARGs likely 
harbored by copiotrophs.  
Mesocosms treated with sterile manure or inorganic chemicals plus carbon both 
displayed an initial spike in tetracycline ARG abundance on Days 1 and 3 of the 
experiment, followed by a sharp drop on Day 7 and a gradual gene abundance increase 
when compared within treatment type (not to the control) over the remainder of the 44-
day experiment (Figure 5-2). No significant differences in ARG concentration were 
found between the two treatment types. This suggests that by Day 7, added nutrients and 
most system oxygen has been consumed, resulting in a bacterial die-off that 
fundamentally alters the microbial community composition, including those 
microorganisms harboring ARGs, for the remainder of the 44-day experiment. Other 
studies have provided evidence suggesting nutrient enrichment in freshwaters 
significantly alters microbial community composition over time, including increasing 
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abundances of rare taxa224. Rare taxa frequently includes bacteria that harbor natural 
ARGs due to the fitness cost of ARG maintenance14. We suggest nutrient induced shifts 
likely increased the abundance of copiotrophs on Days 1 and 3, including those harboring 
tetracycline ARGs due to the overabundance of nutrients for fast growth. Following the 
reduction of nutrients and oxygen, the numbers of copiotrophs decreased significantly, 
opening ecological niches for other taxa to proliferate, including more rare taxa harboring 
ARGs. This pattern could explain the gradual increase of tetracycline resistance genes 
within mesocosm treatment type following the drastic decline at Day 7.  
5.3.2 Subinhibitory concentrations of antibiotic do not increase tetracycline ARGs in 
freshwater sediments 
Next, we investigated the impact of subinhibitory chlortetracycline concentrations 
on ARGs in sediment both alone and in combination with the two nutrient treatments to 
determine if antibiotics from manure have an additive effect on the enrichment of ARGs 
in sediments. A landmark study by Gullberg and others40 found that very low 
concentrations of antibiotics, similar to those found in natural environments, can select 
for antimicrobial resistance in a laboratory based experiment. In this study, the addition 
of chlortetracycline to freshwater sediments did not significantly enrich any measured 
ARG and no clear pattern of ARG concentration was identified (Figure 5-3). 
Additionally, mesocosms treated with sterile manure or inorganic chemicals plus carbon 
alone or in combination with chlortetracycline were also compared (Figure 5-4). At Days 
1 and 3, mesocosms treated with sterile manure contained higher abundances of tetW, 
tetQ, and tetL ARGs but by Day 7, the sterile manure plus chlortetracycline mesocosms 
contained higher gene abundances. These differences were non-significant. In contrast, 
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mesocosms treated with inorganic chemicals plus carbon consistently contained higher 
(but non-significant) abundances of all four measured genes throughout the entire 
experiment compared to mesocosms treated with a combination of inorganic chemicals 
plus carbon and chlortetracycline (Figure 5-4).  
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Figure 5-3. Relative abundance of tetracycline resistance genes in control (sediment only) 
mesocosms and sediment mesocosms plus chlortetracycline. 
Relative abundance of tetracycline resistance genes per 16S rRNA is shown as mean ± 
standard error for control mesocosms (black circles) or mesocosms treated with 
chlortetracycline (grey inverted triangles).  
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Figure 5-4. Relative abundance of tetracycline resistance genes in sterile manure and 
inorganic chemical treated mesocosms with or without chlortetracycline. 
Relative abundance of tetracycline resistance genes per 16S rRNA is shown as mean ± 
standard error for mesocosms treated with sterile manure (blue triangle), sterile manure + 
chlortetracycline (orange inverted triangle), inorganic chemicals (red square), and inorganic 
chemicals + chlortetracycline (green diamond).  
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These results suggest that at subinhibitory concentrations, chlortetracycline does 
not induce enrichment of tetracycline resistance gene abundance in these freshwater 
sediments, whether added individually or in combination with nutrient amendments. It is 
possible that these negligible effects are due to the chronic exposure of these sediment 
microbial communities to manure contamination, including antibiotics, over multiple 
generations. Other studies have shown mixed results of the impact of subinhibitory 
concentrations of antibiotics on ARG abundance in environmental settings, with 
increases in some measured ARGs and reductions in others57, 227. Xiong et al.228 found 
that manure containing chlortetracycline and oxytetracycline antibiotics significantly 
increased the abundance of multiple tetracycline ARGs compared to manures without 
these antibiotics in a 60 day microcosm experiment; however, their antibiotic 
concentrations were significantly higher than those used in this study (see Tables S5-2 
and S5-5). A recent study by Klumper et al. found that selection for antimicrobial 
resistance is reduced in complex communities due to both a protective effect of the 
community for susceptible microorganisms and an increase in fitness cost for bacteria 
harboring resistance determinants within the larger community229 which may be 
reflective of the lack of ARG selection at the concentration of chlortetracycline used in 
this study (Table S5-2). Here, the effect of nutrient addition on ARG abundance is not 
enhanced by the addition of chlortetracycline at environmentally relevant concentrations.  
5.3.3 Microbial community structure is impacted by mesocosm treatment over time 
 The relative abundance of tetracycline resistance genes in treated mesocosms 
suggested that nutrients, whether organic or inorganic, alter the abundance of ARGs in 
freshwater sediments. To determine if these changes could be attributed to microbial taxa 
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within each treatment, we analyzed the microbial community structure of each mesocosm 
treatment using 16S rRNA gene sequencing of replicate mesocosms on Days 1, 3, 7, 14, 
and 28 of the experiment. We also analyzed the microbial community composition of raw 
sediment, raw manure, and sterile manure collected before mesocosm setup. Of the 
19,302 unique ASVs identified in this study, only 11 were found in the sterile manure 
samples. These ASVs were subsequently removed from all sequenced samples prior to 
any downstream analyses. Additionally, sequences present in less than three samples or 
with less than 5 total reads were also removed resulting in a total of 6,780 unique ASVs. 
No significant differences in ASV richness or diversity was found between mesocosm 
treatments, but raw manure samples were significantly less diverse than both raw 
sediment and treated mesocosms (p<0.01, Figure S5-3).  
We investigated the impact of mesocosm treatment and sampling date on 
microbial community composition and found that the crossed effect of these two factors 
was significant (PERMANOVA, P=0.032). To identify the specific factors driving the 
identified differences in microbial community composition, we used distance-based 
redundancy analysis. On a temporal scale, mesocosm microbial community structure is 
significantly correlated to the added nutrients, regardless of nutrient source, on Days 1, 3 
and 7 but by Day 14 is more strongly associated with dissolved oxygen, ATP activity, 
and pH than added nutrients (Figure 5-5A). This supports our previous assumption 
suggesting nutrients strongly influence microbial community composition in the first 24-
72 hours of the mesocosm experiment but as the nutrient sources are significantly 
depleted by Day 7, other factors such as dissolved oxygen concentration and pH become 
the driving factors in community structure, opening additional ecological niches for non-
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copiotrophic taxa. When assessed based on mesocosm treatment, different factors 
correlate strongly with microbial community structure (Figure 5-5B). Carbon and nitrate 
positively correlate with mesocosms treated with sterile manure or inorganic chemicals 
(with or without antibiotic) while control samples (with or without antibiotic) positively 
correlate with dissolved oxygen and ATP activity (Figure 5-5B). This result supports our 
previous hypothesis that carbon is the primary driver of microbial community ARG 
enrichment as the microbial community composition of mesocosms treated with either 
type of nutrient amendment is strongly correlated with carbon concentrations.  
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Figure 5-5. Distance-based redundancy analysis of microbial community composition by 
A) time or B) mesocosm treatment.  
Significantly positive factors (P<0.01, r2>0.5) correlating with variation in microbial 
community composition are displayed as a plot overlay.  
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 Next, we investigated specific taxa that were differentially abundant between 
treatment types using differential abundance analysis. This analysis identifies taxa that 
increase or decrease in abundance following treatment compared to the control. The 
abundance of these differentiated taxa can then be compared to the levels of ARGs within 
mesocosm treatment to identify significant and positive correlations which may suggest 
that those taxa drive the enrichment of ARGs in treated mesocosms. While we found 
multiple taxa at the genus level that were significantly more abundant in the treated 
mesocosm sediments compared to the control sediments, we focused on those that were 
enriched by treatment type over time and positively correlated with ARG abundance 
within treatment type. Using these stringent criteria, we identified four genera commonly 
found in sediment that were significantly and positively enriched in mesocosms treated 
with sterile manure and were also significantly and positively correlated (p<0.001, r>0.5) 
with at least one of the measured ARGs. These genera were identified as 
Pseudobacteroides, Giesbergeria, Mobilitalea, and Chlorobium. Each of these genera 
were enriched by Day 28 compared to Day 1 in sterile manure treated mesocosms and 
were not found in control sediments, background sterile manure, or sterile manure treated 
mesocosms on Days 1 and 3 of the experiment (Figure 5-6). The enrichment of these 
genera significantly and positively correlated with the gradual increase in ARGs found in 
sterile manure mesocosms following the sharp drop at Day 7 within treatment type (not 
compared to control sediments). This result suggests that the nutrients in sterile manure 
induced fundamental shifts in sediment microbial community structure following the 
initial copiotrophic bloom on Days 1 and 3, allowing for the proliferation and 
maintenance of genera that are positively correlated with measured ARGs. No such 
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association between taxa and ARGs was identified within mesocosms containing 
nutrients from inorganic chemicals plus carbon, indicating this effect is specific to 
mesocosms treated with nutrients derived from manure.  
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Figure 5-6. Relative abundance of genera that are significantly more abundant in sterile 
manure mesocosms and significantly and positively correlate with abundances of 
measured tetracycline resistance genes in sterile manure mesocosms. 
The relative abundance genera in mesocosms treated with control (black circles) and sterile 
manure (blue triangles) are shown as mean ± standard error superimposed over the relative 
abundance of tetracycline resistance genes in sterile manure (blue bars) treated mesocosms.  
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Other researchers have shown similar results in manure treated versus inorganic 
chemical treated mesocosm experiments. Udikovic-Kolic and others found that manure 
fertilization increased the abundance of native Pseudomonas spp. and Janthinobacterium 
spp. in soils which were associated with identified β-lactamase resistance genes58. These 
increases in specific taxa and resistance genes were particularly strong between Days 12-
94 of the experiment, similar to the timeframe in which we see an observable shift in 
sediment genera and genes in this study. Additionally, the sharp increase in taxa 
harboring ARGs was specific to the manure amended soils and this effect was only 
weakly identified in soils receiving traditional nitrate, phosphate, potassium fertilizer 
treatment58. Perez-Valera and others found a similar effect between manure treated soils 
and soils treated with mineral nutrients in which the manure treated soils had 
significantly higher ARG abundances while mineral nutrient treated soils showed no 
changes in ARG abundance59. These studies, in conjunction with data presented, here 
suggest that manure induces changes in the microbial community structure that inorganic 
chemical amendments alone do not.  
We suggest that this positive correlation between taxa enriched by sterile manure 
treatment and ARGs is driven by the type of carbon within manure. Carbon is the only 
factor which was not included in the two referenced studies above. Carbon within manure 
is complex and diverse compared to dextrose which used as the carbon source within the 
inorganic chemical mesocosms in this study. Thus, the effect of manure derived carbon 
on microbial community composition in sediments may last beyond the initial bacterial 
bloom from simple carbon observed on Days 1 and 3 of this study in mesocosms treated 
with both types of nutrient amendment. The complex carbon components of manure may 
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thereby induce the latent bloom of taxa significantly and positively correlated with 
tetracycline ARGs in the sterile manure treated mesocosms. Other research has shown 
that altering the source of carbon can induce changes in bacterial antibiotic production 
and bacteria that can readily utilize preferred carbon sources (i.e. glucose or other simple 
sugars) are at a disadvantage for antibiotic (and associated gene) production230. 
Additionally, recent single species studies have found that antibiotic resistance alters 
carbon metabolism231 and may favor resistant isolate growth on more complex carbon 
sources232, such as those found within manure. Further research is needed to determine 
the specific types of carbon present within manure to serve as the carbon source within 
the inorganic chemical treated mesocosms as a more representative comparison. This 
experiment would elucidate the mechanism behind carbon driven increases in AMR 
within environments impacted by manure runoff. Although the genera that increase in 
abundance as a response to sterile manure treatment represent a small fraction of the total 
microbial community identified through sequence analysis in this study, increases in their 
relative abundance over time and in association with measured resistance genes raises 
concerns about the long-term impacts of manure runoff on freshwater ecosystems.  
5.3.4 Potential human and animal pathogen abundance within sediment is impacted by 
mesocosm treatments 
 Raw manure is known to increase microbial contamination in freshwaters35, 211, 233 
which may include multiple human and animal pathogens that can enter waterways 
through runoff events. However, the impact of sterile manure on pathogen abundance in 
impacted sediments has not been investigated. We identified 11 potential pathogens to 
the species level using exact sequence matching (see methods) across treated mesocosms 
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(Figure 5-7). Of these, only Flavobacterium succcinicans was detectable in control 
sediment. The abundance of four potential pathogens was enriched by nutrients from 
sterile manure including Acinetobacter lwoffli, Aeromonas sobria, Flavobacterium 
succinicans, and Flavobacterium johnsoniae. Interestingly, mesocosm sediment treated 
with sterile manure and chlortetracycline enriched an additional two potential pathogens: 
Acinetobacter johnsonii and Acinetobacter haemolyticus. Nutrients from inorganic 
chemicals enriched four potential pathogens including A. sobria, F. succinicans, F. 
johnsoniae, and Rahnella aquatilis while the addition of chlortetracycline to this 
treatment enriched one additional species (Escherichia/Shigella sonnei). Raw manure and 
raw manure plus chlortetracycline enriched a total of six different potential pathogens, 
including three that were not identified from any other treatment: Aerococcus viridans, 
Psychrobacter phenylpyruvicus, and Serratia fonticola. These data indicate that nutrient 
amendment and subinhibitory antibiotic contamination increase the abundance of a 
diverse number of potential pathogens in freshwater sediments, regardless of the presence 
of microbial contamination from raw manure. This suggests that humans using 
freshwaters contaminated by manure runoff for recreation and animals using these waters 
for habitat or drinking sources are at increased risk of contact with potential pathogen 
species. 
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Figure 5-7. Relative abundance of potential pathogens in each mesocosm treatment type 
displayed as the mean of 2 biological replicates from 5 sampling dates (10 replicates per 
treatment type). 
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5.3.5 Nutrient amendment of mesocosms does not impact microbial community functional 
potential   
 Just as the microbial community composition of freshwater sediment can be 
altered by manure runoff, so too can the functional potential of freshwater sediment 
microbial communities. Altering the functional potential of freshwater ecosystems due to 
nutrient contamination is a major concern as freshwater associated microbial 
communities play a major role in Earth’s biogeochemical cycles34. Thus, we investigated 
the impact of the various mesocosm treatments on sediment microbial functional 
potential across treatment type and time by measuring ATP activity and by assessing the 
predicted functional potential of the microbial communities using sequence analysis. The 
ATP activity of mesocosms treated with sterile manure, inorganic chemicals plus carbon, 
and raw manure was higher than the control sediments through Day 14 of the experiment, 
but was only significant for the sterile manure treatment on Day 3 and for the inorganic 
chemical treatment on Days 1 and 3 (Figure S5-4). Mesocosms treated with raw manure, 
both with chlortetracycline and without and sterile manure plus chlortetracycline had 
significantly higher ATP activity on Day 7 while sterile manure plus chlortetracycline 
and raw manure treated mesocosms had significantly higher ATP activity on Day 44. 
Overall, the ATP activity was slightly higher in mesocosms treated with any nutrient 
source, suggesting that the functional potential of treated mesocosms may differ from 
control sediments. Following this result, we analyzed the predicted functional potential 
using sequence analysis to determine if specific functions differed between mesocosm 
treatment type. Interestingly, treatment type did not significantly alter any of the more 
3,000 predicted functions when compared to the control mesocosms. In addition, only 
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four functions were significantly different over time (Table S5-4), none of which were 
present in high abundance. This result suggests strong functional redundancy in sediment 
microbial communities and is supported by the lack of significant differences in 
microbial diversity and richness between treatment types (Figure S5-3). 
5.4 Conclusions, Limitations, and Future Directions 
 
 Antibiotic resistance continues to be a prevalent health threat across the globe. 
Understanding the drivers of resistance is vital to reduce both the abundance and spread 
of resistant bacteria, including potential human and animal pathogens, and associated 
genes. Agricultural regions have been repeatedly associated with elevated abundances of 
antibiotic resistance, and manure from livestock animals has been implicated in the 
proliferation of bacteria harboring ARGs in soils57, 58 and freshwaters54. Here, we provide 
additional evidence of the role by which manure increases environmental antibiotic 
resistance. At levels simulating carbon and nutrient concentrations of freshwaters 
affected by manure runoff, nutrients from sterile manure enriched tetracycline ARGs, 
increased the abundance and diversity of potential human pathogens, and fundamentally 
altered the microbial community of sediments allowing for the maintenance and 
proliferation of bacteria that are strongly correlated with ARG abundances in sediments 
impacted by the nutrients present in manure. Although mesocosms treated with inorganic 
chemicals plus carbon also enriched tetracycline ARGs in freshwater sediments, no such 
shifts in microbial community composition associated with ARGs were found in these 
mesocosms, suggesting that this change is associated with the complex of nutrients 
originating from manure. This finding needs to be confirmed by identifying the exact 
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sources of carbon present in manure and further testing those carbon types as both the 
single carbon source and in as a mixture in the chemical treatments. 
 This study does have a few limitations. We did not determine the mobile potential 
of identified ARGs nor the species of bacteria from which they originated. Additionally, 
we cannot definitively determine if the pathogen species identified harbor virulence 
genes and thus pose a true health risk. However, this study strongly suggests that nutrient 
contamination of freshwaters at levels frequently identified in waterways impacted by 
manure runoff enriches ARGs and native sediment bacterial taxa that are correlated with 
resistance genes. Carbon and nitrate concentrations strongly influenced the microbial 
community composition of sterile manure and inorganic chemical plus carbon treated 
mesocosms, suggesting that these two nutrients may play an important role in driving the 
abundance of environmental ARGs. These observations warrant additional study. A 
major concern presents itself from these findings: nutrients, regardless of the manure 
microbial community, enrich the abundance of ARGs in freshwaters. This suggests that 
methods used to reduce or remove the microbial community from manure before land 
application as fertilizer, thought to reduce the risk of pathogen spread and AMR, may be 
ineffective as the nutrients are the primary driver of AMR in the environment. Thus, 
identifying the lowest concentration of nutrients necessary for discernable changes in 
ARG and microbial community composition must be considered. Results from such a 
study may require amending the allowable manure fertilization loads on cropland to 
protect the surrounding freshwater ecosystems.  
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6. CHAPTER 6: SURVIVOR MICROBIAL POPULATIONS IN POST-
CHLORINATED WASTEWATER ARE STRONGLY ASSOCIATED WITH 
UNTREATED HOSPITAL EFFLUENT AND INCLUDE POPULATIONS 
RESISTANT TO MEROPENEM AND CEFTAZIDIME ANTIBIOTICS 
 
 
6.1 Introduction  
Wastewater treatment is the primary source of pollution reduction for industrial, 
hospital, and sanitary waste that would otherwise impair surface waters234. A variety of 
chemical and biological pollutants enter wastewater treatment plants (WWTPs) 
including, but not limited to, pharmaceuticals, heavy-metals, detergents, pathogens, and 
antibiotic resistant bacteria. As part of the built environment, insufficient removal of 
wastewater pollutants impacts both environmental and human health, especially in 
regions where WWTP discharge intermixes with drinking water sources such as the Great 
Lakes region of the United States. Monitoring chemical and biological contaminants is 
vital in these regions, but monitoring programs generally focus on a limited number of 
specific pollutants such as fecal indicators or nitrates234. Due to the global rise in 
antibiotic resistance in both the clinic and environment, additional emphasis is now being 
placed on the detection and removal of pharmaceuticals, antibiotic resistant bacteria 
(ARB) and genes (ARGs), and pathogens from treated wastewater6, 235-237 but federal and 
state monitoring programs for these pollutants remains minimal or nonexistent238. 
In recent years, WWTP effluent has been repeatedly implicated in the spread of 
antibiotic resistance and pathogenic bacteria239, 240, as the WWTP environment contains 
multiple selective pressures that may increase mutation rates or induce gene transfer 
between bacteria241, 242. Additionally, elevated concentrations of antibiotics and ARGs in 
WWTP effluent and receiving waters have been found in multiple studies243-245. In 
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WWTPs receiving hospital effluent, this effect may be more pronounced due to increased 
concentrations of antibiotics, ARB, and clinical pathogens entering the treatment system 
from hospital sewage246-248. Reduction rates of antibiotics and ARG in WWTPs vary, but 
full reduction in treated effluent is rare249, 250. As the number of resistant bacterial 
infections continues to rise worldwide, wastewater treatment processes that focus on the 
removal of antibiotics of critical importance for human health, including cephalosporins 
and carbapenems, is necessary to reduce the selection and spread of bacteria resistant to 
these antibiotics130. 
Although animal and human pathogen removal is a primary goal of wastewater 
treatment234, monitoring the diverse array of potential pathogens entering WWTPs is not 
feasible. Thus, indicator organisms including Escherichia coli and other fecal coliforms 
are routinely used to identify pathogen risk in treated effluent; however, correlations 
between these indicator organisms and other pathogenic species in WWTP effluent are 
weak251, 252. Because the presence of pathogenic organisms (other than fecal indicators) 
within the WWTP is not routinely tested, determining the source of these microorganisms 
throughout the treatment process and in downstream environmental samples is difficult 
but is necessary to reduce environmental and public health risks. 
Characterizing the microbial ecology of the wastewater treatment system from 
untreated influents to receiving freshwater ecosystems allows for the characterization of 
microbial populations that survive wastewater treatment and disinfection processes, 
including ARB and potential pathogens. Recent studies of WWTP microbial community 
structure have primarily used culture-independent molecular techniques, specifically 
Next Generation 16S rRNA sequencing to identify taxonomic diversity253, 254 or shotgun 
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metagenomics to identify both taxonomic and functional genes255. However, these 
molecular approaches alone cannot provide information on the viable subset of the 
community that is resistant to antibiotics following wastewater treatment and 
disinfection. Here, we have combined a deep sequencing approach with traditional 
culture-based assays and applied microbial ecology concepts to identify both: 1) The total 
microbial community (including potential pathogens) of the influent sources and treated 
effluents of a WWTP receiving combined hospital and municipal waste in Milwaukee, 
Wisconsin; and 2) The viable subset of the microbial community in treated and 
disinfected wastewater that is resistant to critically important antibiotics. By combining 
these two approaches, we can assess the contribution of hospital effluent and municipal 
sewage to the final microbial community composition of disinfected wastewater and 
receiving freshwater sediments, an area which remains largely understudied. In addition, 
by culturing survivor bacteria from disinfected wastewater on media containing 
antibiotics and following with Next Generation 16S rRNA sequencing, we characterized 
the diversity of antibiotic resistant survivor bacteria in treated effluent. This study allows 
us to consider the environmental and human health implications of the diverse 
microorganisms that survive wastewater treatment and persist in the environment, in 
addition to providing possible avenues for mitigation of harmful bacteria during the 
WWTP process.  
6.2 Materials and Methods 
6.2.1 Sample Collection and DNA Extraction 
Replicate samples (2 samples per collection timepoint) from WWTP influent, pre-
chlorinated (primary) effluent, and post-chlorinated effluent were collected from the 
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Jones Island Water Reclamation Facility (JI) serving the metropolitan area of Milwaukee, 
WI. The plant services the city of Milwaukee and neighboring communities constituting 
~40 km2 of combined sewer system, receiving a combination of sanitary sewage, 
stormwater, and hospital effluent with an average daily flow of 123 million gallons per 
day (MGD) and a maximum daily flow of 300 MGD256, 257. JI is an activated sludge 
wastewater treatment plant which includes preliminary treatment to remove large solids 
and trash, secondary activated sludge treatment to remove nutrients, including 
phosphorus, and biological contaminants, and disinfection with chlorine before being 
discharged into the Milwaukee Outer Harbor. Samples were collected weekly for three 
weeks during October 2018 to reduce the influence of seasonal variables on WWTP 
microbial community composition258 to answer our primary research question: what is 
the source of bacterial populations in post-chlorinated effluents? Samples (1 L, sterile 
amber glass bottles, Thermo Scientific™, Waltham, MA) were collected at 
approximately 10 a.m. on the 5th, 12th, and 18th October 2018 and were processed within 
one hour of collection. 
Replicate hospital effluent samples (2 samples per timepoint, 1 L, sterile amber 
glass bottles, Thermo Scientific™, Waltham, MA) were also collected from two 
wastewater outflow locations at the Medical College of Wisconsin, Milwaukee, WI at 
approximately 7 a.m. on the 2nd, 11th, and 16th October 2018. Water entering the sewage 
system from within the hospital is pretreated by hospital unit with appropriate treatment 
(bleach, autoclave, UV, etc.); however, the collective hospital wastewater is not further 
pretreated as a whole before entering the combined sewage system serviced by JI. Both JI 
and hospital water samples (250 mL) were filtered through 0.2 uM Whatman Nuclepore 
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polycarbonate filters (GE Healthcare, Chicago, IL) within one hour of collection and 
subsequently frozen at -20℃ until DNA extraction.  
DNA was extracted from frozen filters using the PowerWater DNA Isolation Kit 
following manufacturer protocols (MoBio, Carlsbad, CA). Sediment grab samples 
collected in 2014-2015 from four locations in the Milwaukee Harbor were included in 
this study to determine the environmental microbial community composition downstream 
of the WWTP. Sediment sampling sites included Jones Island (immediately adjacent to 
the JI outflow site), Outer Harbor (approximately 0.5 km from the JI outflow site), Inner 
Harbor (highly polluted due to boat traffic, but unimpacted by the JI outflow site), and 
Atwater (sediments upstream of municipal WWTP outflows in the greater Milwaukee 
area). See Figure S3 for sediment sampling location details. Sediments serve as a natural 
sink and are excellent indicators of chronic pollution259, 260, thus we used these samples as 
a valid comparison of the impact of WWTP effluent on microbial community 
composition. DNA was extracted from 0.5g of sediment per sample using the MoBio 
PowerSoil DNA Isolation Kit (Qiagen, Germantown, MD) following manufacturer’s 
instructions.  
6.2.2 DNA Sequencing and Amplicon Sequence Mapping 
The Visualization and Analysis of Microbial Population Structure (VAMPS) 
universal primers (518F, 926R) were used to amplify the V4-V5 hypervariable region of 
the 16S rRNA gene followed by Next Generation Sequencing (NGS). Paired-end 
sequencing of water DNA was performed by the Great Lakes Genomics Center 
(Milwaukee, Wisconsin, USA) with the Illumina MiSeq Platform. Reads were processed 
using DADA2 v1.928175 with default parameters. Briefly, primers were removed from the 
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raw, demultiplexed reads, and only those reads with minimum base quality score of two 
were retained in subsequent steps. Forward and reverse reads were then truncated to 240 
bp and 210 bp, respectively, and were only retained if maximum expected errors 
associated with such reads were equal to or less than two for forward and reverse reads. 
Reads were error-corrected and pooled prior to inferring sample composition. Error-
corrected reads were then merged to yield the complete sequence spanning the sequenced 
hypervariable region ad chimeric sequences were removed. Taxonomy was assigned 
using the RDP classifier based on the SILVA database v132. Species-level identification 
was accomplished using exact string-matches against a customized variant of the same 
database176. The resulting amplicon sequence variant (ASV) table was further processed 
by removing any ASVs with less than four reads across all samples and/or ASVs present 
in less than two samples. Potential pathogens were identified as previously described 
(Beattie et al. in review). Sequencing files are available in the National Center for 
Biotechnology Information Sequence Read Archive under BioProject ID Number 
PRJNA622864.  
6.2.3 Colony Forming Unit (CFU) counts of Escherichia coli on mTEC chromogenic 
agar 
Various volumes of water samples from the hospital effluent and each of the three 
compartments of JI were filtered on 0.2 µm filters (Whatman® Nuclepore), plated in 
triplicate on mTEC chromogenic agar alone or mTEC agar containing the antibiotic 
ceftazidime (4µg/mL), incubated at 35℃ for 2 hours, and subsequently incubated at 
44.5℃ for 22 hours. After incubation, magenta colonies were counted on plates 
containing between 30-300 colonies and reported as CFU/100 mL.  
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6.2.4 Recovery and DNA extraction of the culturable microbial community of Post-
Chlorinated Effluent 
Post-chlorinated wastewater from JI was collected and stored on ice until 
processed within one hour. Various volumes of wastewater were passed over 0.2 µm 
filters and placed on either tryptic soy agar (TSA), TSA with meropenem (2 µg/ml), or 
TSA with ceftazidime (2 µg/ml) in triplicates. Plates were incubated at 35C and CFUs 
counted.  Genomic DNA was isolated from triplicate filters of plates containing mostly 
isolated CFUs (60-250 CFUs/plate) using the FastDNATM SPIN Kit for Soil (MP 
Biomedicals, Irvine, CA, USA). DNA was quantified using a nanodrop before processed 
for DNA sequencing as discussed above (Methods 4.2).  
6.2.5 Statistical Analyses  
Statistical analyses were performed in R version 3.5.2. The phyloseq package in R 
was used to calculate relative abundances of raw ASV counts based on taxonomic 
classification used for downstream analyses180. To determine microbial community 
patterns based on β-diversity, a Bray-Curtis dissimilarity matrix of ASV relative 
abundance was produced in conjunction with permuted multivariate analysis of variance 
(PERMANOVA). Preferentially abundant taxa in each compartment of the wastewater 
treatment process were identified using linear discriminant analysis software LEfSe 
(v1.0) run on the Galaxy server with default parameters261. Relative abundances of 
taxonomic count data agglomerated at the genus level were used as input. Molecular 
microbial source tracking was performed using fast expectation-maximization microbial 
source tracking (FEAST)262 in R with default parameters to identify the contribution of 
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Hospital Effluent and Combined Influent as source communities of the WWTP effluent 
microbial communities. 
6.3 Results 
6.3.1 Microbial community composition is significantly different within separate 
compartments of the wastewater treatment process  
 Microbial community composition and diversity from water samples collected 
from JI and the Medical College of Wisconsin was evaluated and included samples from 
hospital effluent (referred to as Hospital Effluent), combined hospital, municipal waste, 
and stormwater influent (referred to as Combined Influent), and treated effluent 
wastewater both before chlorination (referred to as Pre-Chlorinated Effluent) and after 
chlorination (referred to as Post-Chlorinated Effluent). The microbial community 
composition of freshwater receiving sediments was also analyzed as a representative sink 
for WWTP effluent pollution. Bray-Curtis dissimilarity of microbial community 
composition within the WWTP system were analyzed and found to be significantly 
different by sample type and sampling timepoint (PERMANOVA, p=0.001, Table 6-1). 
Subsequent pair-wise tests showed that samples from Hospital Effluent were significantly 
different across all sampling timepoints. Samples from Combined Influent were only 
significantly different on the first two sampling timepoints, and the Pre-Chlorinated 
Effluent and Post-Chlorinated Effluent were not significantly different regardless of 
sampling timepoint (Table 6-1). This result indicates that although wastewater entering 
the treatment system may be compositionally different, the treated wastewater exiting the 
WWTP is not significantly different over time. Our focus here is locational effects on 
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microbial community composition, and as such the samples were pooled by sample type 
for downstream analyses.  
 
Table 6-1. Comparison of microbial community composition beta diversity based on Bray-Curtis 
dissimilarity within the Jones Island Water Reclamation Plant by permuted MANOVA. Bolded 
values indicate significant differences (p<0.05). 
MANOVA 
Variable Pseudo-F P(MC)* 
Sample Type 5.953 0.001 
Sample Timepoint 4.5457 0.003 
Sample Type x Sample Timepoint 4.6325 0.001 
MANOVA Pairwise Tests- Hospital Effluent by Timepoint 
Groups t P(MC) 
Timepoint 1, 2 5.6403 0.001 
Timepoint 1, 3 3.2529 0.004 
Timepoint 2, 3 2.7687 0.01 
MANOVA Pairwise Tests- Combined Influent by Timepoint 
Groups t P(MC) 
Timepoint 1, 2 2.6642 0.032 
Timepoint 1, 3 3.1974 0.176 
Timepoint 2, 3 2.743 0.226 
MANOVA Pairwise Tests- Pre-Chlorinated Effluent by Timepoint 
Groups t P(MC) 
Timepoint 1, 2 2.0895 0.285 
Timepoint 1, 3 1.0694 0.494 
Timepoint 2, 3 1.6032 0.215 
MANOVA Pairwise Tests- Post-Chlorinated Effluent by Timepoint 
Groups t P(MC) 
Timepoint 1, 2 1.7686 0.199 
Timepoint 1, 3 1.3103 0.408 
Timepoint 2, 3 7.8634 0.096 
*P(MC)= Permuted P value with Monte Carlo randomization. 
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Clear differences in the microbial community composition based on sample 
location within the wastewater treatment process are evident (Figure 6-1) with significant 
differences in community composition between all compartments except Pre- and Post-
Chlorinated Effluent samples (Table 6-1). The dominant microbial taxa of Hospital 
Effluent and Combined Influent samples include genera Acinetobacter, Aeromonas, 
Arcobacter, and Bacteroides while Pre- and Post-Chlorinated Effluents contained 
reduced numbers of these genera, particularly Bacteroides and Acinetobacter (Figure 6-
1). Treated Pre- and Post-Chlorinated Effluents were dominated by members of the 
genera Acidovorax and Flavobacterium along with higher Pseudomonas compared to 
Hospital Effluent and Combined Influent samples.  
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Figure 6-1. Relative abundance of amplicon sequence variants (ASVs) in wastewater treatment 
compartments mapped to “highly abundant” genera, or those with a relative abundance of at 
least 1% across all samples presented as mean ± SD. 
Replicate samples are combined by compartment.  
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Microorganisms are known to preferentially distribute within environments. 
Understanding the characteristic taxonomic composition of different compartments of the 
wastewater treatment process allows us to both identify a microbial signature for each 
compartment and determine if transfer between compartments is occurring. We 
performed linear discriminant analysis using LEfSe (see Section 6.2.5 for details) to 
identify taxonomic biomarkers at the genus level within different compartments of the 
wastewater treatment system and found several biomarker genera including 32 within 
Hospital samples, 40 within Influent samples, 48 within Pre-Chlorinated Effluent 
samples, and 10 within Post-Chlorinated Effluent samples (Figure S6-1). The dominant 
Hospital Effluent biomarker genera were Acinetobacter, Bacteroides, and Aeromonas 
while the dominant Influent biomarker genera were Arcobacter, Cloacibacterium, and 
Prevotella. WWTP effluents were differentiated by biomarker taxa Pedobacter, 
Aquabacterium, and Sediminibacterium in Pre-Chlorinated Effluent, and Flavobacterium, 
Rheinheimera, and Fluviicola in Post-Chlorinated Effluent. The relative abundance of 
signature taxa from each compartment of the WWTP system is shown in Figure 6-2. 
Although the relative abundance of biomarker taxa is highest in the specified WWTP 
compartment, they are frequently found in other compartments of the WWTP process.  
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Figure 6-2. Abundance of biomarker taxa as defined by LEfSe analysis. 
The relative abundance of biomarker taxa from A) Hospital Effluent, B) Combined Influent, C) Pre-
Chlorinated Effluent, and D) Post-Chlorinated Effluent shown for each individual sample. The ten 
biomarker taxa from each compartment with the highest LDA score are shown. 
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6.3.2 Hospital Effluent microorganisms contribute strongly to Post-Chlorinated Effluent 
microbial community composition  
The microbial community composition of Pre- and Post-Chlorinated Effluent is a 
result of wastewater treatment and includes both a mixture of bacterial source 
communities (Hospital Effluent and Combined Influent in this study) and enrichment 
during the WWTP process. We used FEAST molecular microbial source tracking to 
determine the contribution of different bacterial sources to the final microbial community 
composition in Pre- and Post-Chlorinated Effluents. Across the three sampled time 
points, twelve Hospital Effluent and five Combined Influent samples served as potential 
“sources” while five Pre-Chlorinated Effluent and five Post-Chlorinated Effluent samples 
served as the “sinks”, respectively (Table 6-2). Hospital Effluent contributes to a mean of 
5.08% (0.68-9.37%) of the Pre-Chlorinated Effluent microbial community, while 
Combined Influent contributes to a mean of 8.18% (2.38-18.09%) with a peak of 18.90% 
(Sampling Timepoint 1; Table 6-2). In contrast, Hospital Effluent contributes to a mean 
of 11.49% (8.89-12.44%) of the Post-Chlorinated Effluent microbial community, while 
Combined Influent contributes to a mean of 4.25% (4.08-5.61%). Although a rather large 
percentage of microorganisms in the Pre- and Post-Chlorinated Effluent is attributed to 
“unknown” sources (84.26% mean), this result is not unexpected due to other 
contributing factors of microbial communities within WWTPs including the native 
WWTP sludge microbial community and enrichment of specific microbial taxa during 
treatment.  
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Table 6-2. Contribution of Hospital Effluent and WWTP Combined Influent microbial community 
composition to WWTP Effluent microbial community composition based on FEAST molecular 
source tracking results. 
Source Sink % Contribution* Mean % Contribution 
Hospital 
Effluent 
Pre-Chlorinated 
Effluent 
1)   0.68 
2)   5.17 
3)   9.37 
5.08 
WWTP 
Combined 
Influent 
1) 18.09 
2)   4.07 
3)   2.38 
8.18 
Hospital 
Effluent 
Post-
Chlorinated 
Effluent 
1) 12.44 
2) 13.13 
3)   8.89 
11.49 
WWTP 
Combined 
Influent 
1)   4.08 
2)   5.61 
3)   4.25 
4.25 
*Note that the % contribution is based upon three separate sampling timepoints. Hospital 
Effluent and Influent samples were used as sources for Pre- and Post- Chlorinated 
Effluent collected from the same sampling date. 
 
6.3.3 Multiple potential human and animal pathogens are found throughout the 
wastewater treatment system and in sediments downstream of receiving waters 
 A primary goal of the wastewater treatment process is pathogen reduction before 
treated water is released back into the environment to prevent both human and animal 
disease. We investigated the presence of potential pathogens at the species level using 
exact sequence matching both throughout the WWTP and within sediment samples 
(Hristova et al., unpublished) from the Milwaukee Harbor and downstream of the JI 
WWTP as an indicator of potential health risks. A total of 28 potential pathogen species 
from 21 genera were identified throughout the WWTP process (Table S6-1). Twelve of 
the 28 species were found in the highest relative abundance in Hospital Effluent samples. 
Two potential pathogen species, Enterococcus saccharolyticus and Elizabethkingia 
miricola, were only detectable in Pre-Chlorinated Effluent. While the majority of the 28 
identified potential pathogen species were reduced to non-detectable levels in Post-
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Chlorinated Effluent, five remained including potential human pathogens Plesiomonas 
shigelloides, Pseudomonas alcaligenes, Arcobacter cryaerophilus, and Streptococcus 
equinus, in addition to the common fish pathogen Flavobacterium succinicans (Table S6-
1). Flavobacterium succinicans was also present in sediments immediately downstream 
of the JI outfall in addition to Chryseobacterium indologenes, indicating these potential 
pathogens can survive the entirety of the WWTP process and remain detectable in 
environmental sediments (see Figure S6-3 for sediment sampling locations). Two other 
potential pathogen species identified in the WWTP process were found in sediments 
impacted by stormwater outfalls (part of the combined sewage system servicing 
Milwaukee) including Arcobacter cryaerophilus and Acinetobacter johnsonii, suggesting 
that these two potential pathogens may also have originated within the sewage system. 
These results suggest that the WWTP process does not effectively treat all pathogens. It 
is likely that both the combined sewer system outfalls and JI outfall contribute to 
dissemination of multiple potential pathogenic species into the environment which poses 
a threat to environmental and public health.  
 The relative abundance of the seven potential pathogenic species that were 
identified in Post-Chlorinated Effluent and/or sediments downstream of JI are visualized 
in Figure 6-3. The likely sources of these potential pathogens can be inferred from their 
relative abundance in the two source samples, Hospital Effluent and Combined Influent, 
and based on whether the potential pathogen is likely nosocomial or an opportunistic 
pathogen. Based on these characterizing factors, Hospital Effluent is the most likely 
source of Acinetobacter johnsonii while Combined Influent is the most likely source of 
Chryseobacterium indologenes and Streptococcus equinus. Both Hospital Effluent and 
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Combined Influent contribute to the populations of Arcobacter cryaerophilus, 
Flavobacterium succinicans, Plesimonas shigelloides, and Pseudomonas alcaligenes. 
Although some these bacteria are routinely detected in environmental samples, their 
presence in sediments immediately downstream of the WWTP indicates that the 
treatment process and the released effluents contribute to their presence of these potential 
pathogens in the environment.  
 
6.3.4 Post-Chlorinated Effluent contains culturable microorganisms resistant to critically 
important antibiotics 
The dissemination of antibiotic resistant bacteria in the environment is a major 
concern, and WWTPs have been implicated as both reservoirs and contributors of 
 
Figure 6-3. Relative abundance of potential pathogens identified in Post-Chlorinated Effluent 
and/or Lake Michigan sediments on a logarithmic scale presented as mean ± SD. 
WWTP compartments are as previously defined. Sediments sampling regions include: Outer Harbor- 
downstream of the WWTP and outside the Milwaukee Harbor break wall; Atwater- north of the WWTP 
and outside of the range of impact, Jones Island Sediment- immediately downstream of the WWTP 
effluent release pipe, and Inner Harbor- meeting location of the three major rivers in Milwaukee, WI 
which contain water from sewer outflows (see Figure S6-3 for reference). 
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antibiotic resistant bacteria in surface waters following wastewater treatment. The 
Centers for Disease Control and Prevention (CDC) has identified resistance to third-
generation cephalosporins and carbapenems amongst Enterobacteriaceae as major and 
urgent threats2, respectively; thus, we identified the culturable aerobic microbial 
community composition of Post-Chlorinated Effluent that was resistant to antibiotics of 
critical importance. We identified the bacterial populations serving as reservoirs for high-
risk antibiotic resistance genes using two methods: 1) CFU counts of E. coli on mTEC 
chromogenic agar plates both alone (no antibiotic control) and with ceftazidime (a 3rd 
generation cephalosporin); and 2) 16S rRNA sequencing of filters plated on TSA media 
(no antibiotic control) or media containing either ceftazidime or meropenem (a 
carbapenem). E. coli counts remain the standard US-EPA recommended indicator 
bacteria for fecal contamination of freshwater, but a better understanding of the 
culturable portion of the antibiotic resistant survivor community following disinfection 
by chlorination aids in assessing health risks.  
Culturable E. coli populations decreased throughout the WWTP process from 
Combined Influent to Post-Chlorinated Effluent by between 4-5 logs (Figure S6-2-A). E. 
coli were still countable in Post-Chlorinated Effluent; however, the number of total 
colonies was reduced to less than 10 CFUs per 100 mL. The culturable E. coli population 
on plates containing ceftazidime varied significantly between WWTP compartment with 
the highest recorded resistant E. coli found in Combined Influent (Figure S6-2-B). 
Although the resistant E. coli population in Pre-Chlorinated Effluent was significantly 
reduced from the resistant population within Combined Influent, approximately 4.75% of 
the E. coli population in Pre-Chlorinated Effluent remained resistant to ceftazidime 
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(Figure S6-2-C). No resistant E. coli were detected in Post-Chlorinated Effluent at any 
timepoint.  
The culturable survivor community identified within Post-Chlorinated wastewater 
using 16S rRNA sequencing was much more diverse than the E. coli results alone would 
suggest (Figure 6-4). On filters without antibiotic, the culturable microbial community 
included a total of 12 genera with high abundances of Chryseobacterium, Aeromonas, 
Bacillus, and Acinetobacter. Of the 12 identified culturable genera, bacteria mapping to 
seven of those genera were able to survive in the presence of β-lactam antibiotics. 
Culturable bacteria from filters challenged with ceftazidime were dominated by members 
of the genera Acinetobacter, Bacillus, and Chryseobacterium, while those challenged 
with meropenem were predominately mapped to Chryseobacterium alone. Sequences 
recovered from the culturable microbial community challenged with ceftazidime also 
included multiple ASVs mapped to potential human pathogens at the species level 
including Acinetobacter soli, Bacillus cereus, Bacillus pumilus, and Chryseobacterium 
indologenes. The diverse antibiotic resistant community surviving in treated wastewater 
set to be released back into the environment in conjunction with identified antibiotic 
resistant potential pathogens is concerning for environmental and human health.  
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Figure 6-4. Relative abundance of amplicon sequence variants (ASVs) from Post-Chlorinated 
Effluent filters cultured on control (TSA alone) and antibiotic containing media. 
Genera represented are those with a relative abundance of at least 0.1% across all samples presented as 
mean ± SD. A total of three filters with culturable microbial communities are combined for each sample 
type. 
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6.4 Discussion 
Municipal WWTPs are the primary form of pollution control for surface waters 
and are critical for maintaining environmental and public health. Reduction of fecal, 
pathogenic, and antibiotic resistant bacteria is a crucial function of WWTPs; however, 
multiple studies have demonstrated the continued presence of these bacterial types in 
WWTP outflows and receiving waters. In this study, we found that the taxonomic 
microbial community composition of Hospital Effluent was significantly different than 
Combined Influent, even though they are both primarily composed of human sanitary 
waste (Table 6-1). Multiple human gut taxa were significantly more abundant in Hospital 
Effluent, including the biomarker taxa Bacteroides, Parabacteroides, and Ruminococcus, 
similar to the findings of Buelow et al.263. Additionally, multiple genera known to include 
human and animal pathogenic species including Aeromonas, Acinetobacter, and 
Elizabethkingia were significantly more abundant in Hospital Effluent. Members of these 
genera are frequently associated with hospital acquired infections and have been isolated 
from hospital water and disinfectants, increasing the risk of spread264-266. Pathogenic 
Aeromonas spp. are particularly dangerous for both human and animal health with 
infections frequently arising from environmental isolates266.  
A relatively understudied component of WWTPs is the source of microorganisms 
surviving in disinfected, treated wastewater effluent set to be released back into the 
environment. Tracking potential pathogens and antibiotic resistant bacteria that survive 
the WWTP process through to Post-Chlorinated Effluent by using traditional, culture-
based microbial source tracking is necessary but remains infeasible. Here, we used 
molecular microbial source tracking to determine the contribution of source microbial 
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communities (Hospital Effluent and Combined Influent) on the microbial community 
composition of Pre- and Post-Chlorinated Effluents. Although Combined Influent had a 
higher average contribution in Pre-Chlorinated Effluent, we identified Hospital Effluent 
as a primary source of microorganisms in Post-Chlorinated Effluent, contributing an 
average of 11.49% (Table 6-2). We believe this indicates microorganisms originating in 
Hospital Effluent are better able to survive chlorination than those originating in 
Combined Influent and thus are more strongly represented in Post-Chlorinated Effluent. 
This is supported by the overlap in taxonomy between Hospital Effluent and Post-
Chlorinated Effluent which share a total of 270 unique genera in this study. In 
comparison, Influent and Post-Chlorinated Effluent only share a total of 178 unique 
genera (data not shown). Documented incidences of hospital associated pathogen 
resistance to disinfectants, including chlorine, have increased in recent years suggesting 
these organisms can survive wastewater treatment and disinfection267, 268. Additionally, a 
recent study found that while chlorination inactivated ARB, it was not effective at 
reducing erythromycin and tetracycline resistance genes, which suggests horizontal gene 
transfer could still occur even with efficient bacterial removal269.  
This result is concerning as Hospital Effluent can contain an array of antibiotic 
resistant and pathogenic microorganisms and suggests that a fraction of these 
microorganisms are capable of surviving the WWTP process and chlorination 
disinfection. Confirmed antibiotic resistant pathogens including Klebsiella pneumonia 
and Proteus mirabilis from hospital effluent have been isolated in the final sedimentation 
tank of a wastewater treatment plant270. Additionally, the removal efficiency of 
antibiotics using chlorination disinfection is mixed, with significant removal of 
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erythromycin and trimethoprim, reduction of sulfamethoxazole, ciprofloxacin, and 
insignificant removal of tetracycline and norfloxacin271 which can promote the 
proliferation and dissemination of antibiotic resistant bacteria in Post-Chlorinated 
Effluent. Although less research has been conducted to date on the removal efficiency of 
β-lactams, cephalosporins, and other critically important antibiotics, recent studies have 
shown a minimal decrease in β-lactam associated ARGs throughout the treatment 
process249, 250, 272. Reducing the source of pathogenic and/or antibiotic resistant bacteria is 
vital to preventing the reintroduction of these organisms into the environment following 
wastewater treatment. 
In this study, we identified a total of 28 potential human and animal pathogens at 
the species level throughout the WWTP process, including five potential pathogen 
species that remained detectable in Post-Chlorinated Effluent (Table S6-1). The detection 
of pathogenic bacteria in WWTP effluent is a common occurrence and can comprise as 
much as 7.6% of the microbial community273. Additionally, we identified four potential 
pathogenic species in sediments downstream of the WWTP, two of which likely 
originated in Hospital Effluent (Figure 6-3). These results, combined with the elevated 
levels of pharmaceuticals and personal care products identified by Blair et al.274 in the 
same Lake Michigan sampling locations described in this study, indicate WWTP 
effluents increase both the abundance of and environmental selective pressure for ARB 
and pathogens. 
Limited data are available on the diversity of ARB populations surviving in 
disinfected wastewater due to traditional culture-based approaches. Instead, the 
abundance of culturable E. coli is used as a proxy for pathogen load in treated 
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wastewater. However, while we were unable to identify any ceftazidime or meropenem 
resistant E. coli at the species level from Post-Chlorinated Effluent samples with the 
volumes used for enrichment and sequencing (Figure S6-2), we were able to culture a 
diverse array of potential pathogens exhibiting ceftazidime and meropenem resistance 
using our combined culture and molecular approach (Figure 6-4), indicating that E. coli 
counts are an inefficient proxy for pathogen risk assessment in treated wastewater.  
We identified multiple taxa at the genus and species level known to contain 
human and animal pathogens including Acinetobacter, Aeromonas, Chryseobacterium, 
and Pseudomonas that were resistant to critical β-lactam antibiotics used in human 
medicine (ceftazidime and meropenem)130. Interpreting datasets from 16S rRNA libraries 
of non-cultured microorganisms can be challenging as they can include nonviable or 
extracellular DNA sources in addition to the viable organisms of interest. In this study, 
the culture-based approach combined with 16S rRNA sequencing enabled us to 
characterize the viable, aerobic subset of the microbial community that is resistant to 
third-generation cephalosporins and carbapenems, thereby identifying serious and urgent 
threats within disinfected wastewater. Although data from this study cannot concretely 
identify the source of resistant populations, Amador et al. suggested meropenem 
resistance originates in hospital effluent because its use is restricted to clinics246. 
Korzeniewska and Harniz247 also found β-lactam resistant E. coli populations were found 
more frequently in wastewater containing hospital sewage. Additionally, a review of the 
effectiveness of chlorination disinfection practices found mixed results for the removal of 
antibiotic resistant bacteria, with one study indicating incomplete removal by chlorination 
resulting in the regrowth of resistant bacteria275. Together, these results indicate hospital 
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sewage contains a more resilient microbial population which impacts the final microbial 
community composition of treated effluent thereby jeopardizing receiving freshwaters 
and increasing risks to human and animal health.   
This study did have a few limitations. We focused on the water fraction of the 
WWTP process; however, activated sludge from JI may also contribute to the microbial 
community composition of treated effluent. Additionally, our study spanned three 
timepoints in October 2018 which cannot account for seasonal impacts on the changes in 
microbial community composition. Lastly, the culture-based method employed here 
focuses only on bacterial populations with similar doubling times and capable of growing 
on tryptic soy agar. Limits to this approach include underrepresentation of slow-growers 
and anaerobic pathogens, absence of fastidious bacterial populations, and an inability to 
compensate for bacterial competition. Despite these limitations, we believe the combined 
culture-based and molecular approach used in this study provide a deeper understanding 
of the ceftazidime and meropenem resistant microbial community composition of 
WWTPs. Additionally, this method identified potential carriers of ESBL resistance which 
may promote horizontal gene transfer in WWTPs, as well as recipient surface water and 
lake sediment. 
 Wastewater treatment is vital to the health and safety of surface waters used for 
recreation, drinking water, and animal habitat. In this study, we identified Hospital 
Effluent as a primary contributor to the microbial community composition of chlorinated 
wastewater effluent which included potential pathogenic species and β-lactam resistant 
microbial communities. Four potential pathogen species identified throughout the WWTP 
were also found within sediments downstream of the WWTP suggesting a subset of 
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potential pathogens can both survive and thrive in the aquatic environment following 
wastewater treatment. Together, these results suggest that WWTPs receiving hospital 
sewage, including pretreated hospital sewage as analyzed in this study, are at increased 
risk for disseminating ARB and pathogens into the environment, putting human and 
environmental health at risk. One possible mitigation strategy to reduce the number of 
microorganisms released from Hospital Effluent into the primary sewer system and 
downstream receiving waters is to include full-scale, on-site wastewater treatment at the 
hospital prior to release into the municipal sewage system276, 277. Wastewater treatment 
processes do significantly reduce pathogenic loads and ARBs, although their continual 
presence in both treated wastewater and downstream sediment suggest additional 
treatment beyond chlorination disinfection, as well as better tracking systems, are needed 
to reduce dissemination and proliferation.   
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7. CHAPTER 7: FINAL CONCLUSIONS 
 
7.1 Using multifaceted approaches to study AMR provides new insights on drivers of 
environmental resistance  
 Antimicrobial resistance (AMR) is a persistent and prevalent global health 
problem that can only be understood and mitigated through interdisciplinary efforts. This 
work highlights using a diverse array of study designs to better understand drivers of 
AMR in natural settings impacted by anthropogenic activities. We focused on freshwater 
ecosystems as they contribute to multiple biogeochemical cycles and are an important 
source of food, habitat, drinking water, and recreation. However, freshwater ecosystems 
as a whole, including surface water and sediment, are relatively understudied in terms of 
their contribution to environmental AMR whether as a source or a sink for resistance 
determinants. Freshwater sediment microorganisms are vital primary producers and 
decomposers, and changes in community composition and/or function can severely limit 
ecosystem health. Freshwaters are routinely polluted with point and non-point source 
contaminants in the form of industrial wastes, wastewater treatment plant outflows, and 
overland runoff from fertilized cropland impacting human, animal, and environmental 
health. In areas such as the Great Lakes region of Wisconsin, contaminated freshwater 
sources can have far-reaching impacts as rivers and streams promote the dissemination of 
contamination well beyond the point of origin resulting in pollution of one of the world’s 
largest freshwater resources. Thus, identifying the drivers of AMR in areas of critical 
importance, such as tributaries of the Great Lakes, is vital to mitigate human, animal, and 
environmental health risks.  
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 We began this work by conducting two hypothesis driven survey studies in 
Kewaunee County, Wisconsin, an agricultural region known to use cattle manure as 
cropland fertilizer. Although this is a common and economical practice in many areas of 
livestock farming, Kewaunee County is particularly vulnerable to fecal contamination of 
freshwaters via manure fertilization runoff due to shallow, fractured bedrock which 
allows seepage and overland runoff especially during the yearly ground freezing that 
occurs due to low temperatures in northern Wisconsin. Due to these factors, Kewaunee 
County does have a manure spreading mandate in places that prohibits spreading between 
January 1- April 15th annually. We hypothesized that antibiotic resistance gene (ARG) 
abundances would increase in freshwater ecosystems in conjunction with the start of the 
manure spreading period in Kewaunee County and would fluctuate in association with 
concentrations of agricultural contaminants. Abundances of ARGs were strongly affected 
by temporal changes in agricultural contaminants as evidenced by significant increases 
following the start of the manure fertilization period in surface waters in May and an 
accumulation of ARGs in sediments during early fall. These abundances were strongly 
correlated to agricultural contamination factors such as nitrate levels, dissolved oxygen 
(which is impacted by nutrient runoff), and fecal bacteria indicators.  
 We followed this study with an analysis of the microbial community composition 
of the same freshwater sediments and found that manure fertilization runoff serves as an 
ecological disturbance in freshwater ecosystems. Both compositional and functional 
changes were induced in sediment microbial communities following the start of the 
manure fertilization period and these communities did not recover within five months 
post-disturbance. This effect was significant in branches of the river highly impacted by 
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intensive livestock farming but was non-existent for unimpacted branches or control sites 
providing additional support for our hypothesis that manure runoff acts as a disturbance. 
Agricultural associated variables correlated strongly with microbial community 
composition, similar to the results of the ARG study above providing another line of 
evidence that manure runoff strongly impacts microbial communities and AMR in 
freshwater ecosystems.  
We followed these survey studies with a single species study investigating AMR 
in Escherichia coli isolated from environmental, manure, and clinical sources within the 
Kewaunee County region. By comparing antibiotic resistance profiles, genetic 
determinants, and evolutionary history of isolates from each source, we found that 
bacterial isolates from environmental and manure sources were more similar to one 
another than associated clinical isolates. This supported our previous results which 
suggested substantial mixing between manure and the environment in Kewaunee County. 
Additionally, the similarity in plasmid type and phylotype of environmental and manure 
isolates suggests that E. coli s in this region are likely engaging in horizontal gene 
transfer allowing survival in multiple ecological niches. Humans and animals that come 
into contact with environmentally derived or manure derived bacteria harboring plasmids 
encoding resistance have an elevated health risk from multidrug resistant pathogens. In 
addition, environmental and manure isolates that were phenotypically resistant were often 
multidrug resistant with a high multiple antibiotic resistance (MAR) index, which could 
lead to serious clinical consequences should a human or animal come into contact with 
these isolates. Understanding the patterns of resistant isolates across all three 
environments provided further evidence of the contribution of manure to environmental 
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AMR. Future work in this area should further evaluate the evolutionary relationships of 
environmental, manure, and clinical bacterial strains to mitigate the source and spread of 
AMR.  
7.2 Complex carbon sources drive antimicrobial resistance in the environment by 
altering microbial community structure  
 We observed agricultural contaminants from manure runoff significantly alter the 
abundance of AMR and microbial community structure in freshwater ecosystems; 
however, the mechanism behind these changes remained unclear. Manure can alter 
microbial communities (and associated AMR) in natural environments in two primary 
ways: 1) by introducing microorganisms native to manure that compete with the inherent 
environmental microbial community for resources and/or 2) by introducing contaminants 
including nutrients such as carbon, phosphate, and nitrate and/or pharmaceuticals 
including antibiotics into the environment thereby inducing a microbial bloom of 
copiotrophs and potentially altering microbial community composition. We designed a 
freshwater mesocosm experiment to tease apart the two potential methods of manure 
alteration of microbial community structure and AMR in sediments. By using sterilized 
manure, we were able to clearly differentiate the contribution of manure as a nutrient 
source from manure as a microbial community source in the mesocosms. Additionally, 
we compared the effect of sterilized manure to a lab-based carbon and inorganic nutrient 
amendment to determine if any measured effects were manure specific or generalizable 
across nutrient sources.  
We found that while both sterile manure and the inorganic nutrient plus carbon 
amendment enriched ARG abundance in sediments, only the nutrients from sterile 
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manure amendment altered microbial community taxa that significantly and positively 
correlated with measured ARGs. This effect occurred more than 14 days after the 
sediments were introduced to the mesocosm treatment and suggests that manure nutrients 
fundamentally alters the microbial community structure of sediments allowing for the 
proliferation of taxa that would otherwise be unable to successfully increase in 
abundance. These low number, possibly slow growing taxa are able to assume ecological 
niches left following the copiotrophic bloom when nutrients are first introduced into the 
system and subsequent die-off of these fast growing microorganisms. This result is 
significant as it suggests that the nutrients themselves increase AMR in environmental 
matrices, rather than the manure microbial community. Other studies investigating the 
impact of manure fertilizer versus chemical based fertilizer have found that both 
increased ARG abundance and microbial community structure changes were specific to 
manure amendments58, 59; however, these studies did not account for carbon in the 
chemical based fertilizer amendments. Thus, we suggest that carbon is the primary 
nutrient driver of increased ARG abundance. Additionally, because the lab-based nutrient 
amendment in our study did not induce microbial community changes correlated with 
ARG abundance as the sterile manure amendment, we suggest complex carbon 
originating from sterile manure differentially impacts the microbial community structure 
compared to dextrose (used as the lab-based carbon source in our study) allowing for 
fundamental shifts in microbial community structure towards microorganisms capable of 
harboring and disseminating ARGs. Identifying the types of carbon present in manure 
and using those carbon types as a laboratory based control is a necessary next step for 
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evaluating if carbon from manure is the component altering ARG abundance and 
microbial community composition in freshwater sediments impacted by manure runoff.  
Interestingly, subinhibitory concentrations of chlortetracycline alone or in 
combination with the nutrient treatments did not significantly alter ARG abundance or 
microbial community composition. A recent study found that complex microbial 
communities require higher levels of antibiotics to stimulate increases in AMR229 which 
might explain why the low level of antibiotic used in this study did not have a stimulatory 
effect on the proliferation of ARGs derived from sediment microorganisms. Additionally, 
the sediments and associated microbial communities used for our mesocosm experiment 
were collected from Kewaunee County and therefore have undergone multiple 
generations of exposure to contaminants, including antibiotics (case in point, 
chlortetracycline was detectable in the background sediments used for this study and 
undetectable in background manure samples). It is possible that microbial communities 
under such frequent exposure to antibiotic compounds would require a higher 
concentration of the antibiotic for any observable gene or community effect. Regardless, 
this study suggests that complex carbon and nutrients from manure are the primary 
drivers of AMR in freshwater sediments impacted by manure runoff and that 
contamination from manure runoff has a lasting effect on microbial community structure.  
This result suggests an overhaul of existing manure fertilization and livestock 
management practices are necessary. Much emphasis has been placed on reducing the 
amount and types of antimicrobial compounds provided to livestock in the United States 
and worldwide over the past 20 years278, 279. The goal of these directives is to reduce the 
concentration of antimicrobial compounds entering the environment from unconstrained 
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sources and to maintain the efficacy of drugs of last resort for human infections. 
Additionally, manure spreading policies and practices emphasize reducing the pathogen 
and the microbial community population of manure before land application41. However, 
we found that the nutrients from manure, without the addition of the manure microbial 
community, enrich ARGs and alter the microbial community structure of sediments and 
the addition of antibiotic compounds did not have an additive effect. Essentially, this 
suggests that agricultural practices aimed at reducing bacterial loads in land applied 
manure may not have a positive effect in the environment, especially if they are aimed at 
reducing AMR. Additionally, we found that nutrients from manure are able to stimulate 
and increase in the abundance of potential pathogens, regardless of whether or not those 
pathogens were present at detectable levels before manure application. Together, these 
results suggest that policies surrounding manure fertilization, manure pre-treatment, and 
antimicrobial use for livestock need to be re-evaluated. Further studies investigating the 
effect of nutrients (especially carbon) from sterile manure on AMR at the field scale 
should be undertaken for better antimicrobial stewardship.  
In addition to field scale studies, a deeper investigation into conjugation 
capabilities and transfer rates of bacteria harboring ARGs under manure runoff stress in 
freshwater environments are necessary to determine if nutrients drive the transfer of 
resistance genes across the diverse array of environmental microorganisms. This would 
address whether native bacteria containing ARGs increase over time, driving the late 
stage increase in environmental AMR (as our results would suggest) or if early transfer 
events due to the bloom of copiotrophic bacteria permits the growth of bacteria harboring 
ARGs which are then transferred to other bacterial taxa over time. These fundamental 
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studies will provide the basis for our mechanistic understanding of how nutrients from 
manure affect microorganisms at the microbial community scale.  
7.3 Applying environmental AMR principles to the built environment 
Human waste can also contribute a variety of ARG, ARB, and pathogens to 
natural environments. We applied the same microbial ecology concepts used to 
understand the impacts of livestock manure on environmental microbial communities to 
those impacted by human waste within the built environment during and following 
wastewater treatment. We found that a diverse array of ARB survive wastewater 
treatment and chlorination disinfection, including potential pathogens that survive and 
thrive in the sediment of receiving waters, contributing to environmental AMR. Together, 
these results clearly suggest that anthropogenic activities, including the dissemination of 
human and animal waste, increase environmental AMR and indicate that wholistic 
approaches for AMR mitigation are necessary to reduce human, animal, and 
environmental health risks.  
7.4 Future Directions 
 The work presented in this dissertation provides a framework for studying AMR 
on a holistic scale. Accounting for human, animal, and environmental dimensions of 
antimicrobial resistance is vital for combatting this global health crisis. Efforts aimed at 
reducing AMR should continue to follow One Health approaches, focusing on 
determining the mechanisms of AMR spread and the drivers of increased resistance 
within and between compartments. Here, we used interdisciplinary approaches to define 
drivers of AMR in ecosystems impacted by anthropogenic contamination; however, the 
genetic basis for increases in AMR within these ecosystems remain poorly understood. 
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Future studies should focus on the gene transfer capabilities and frequencies of the 
diverse microbial community in natural ecosystems when challenged with nutrients from 
anthropogenic contamination. Identifying the specific microbial taxa that contribute to 
increases in AMR determinants should also be determined using combined shotgun and 
whole genome sequencing approaches to further advance our understanding of 
environmental AMR and its contribution to resistant clinical infections. The results of 
such studies are vital for better environmental policy and healthier communities 
worldwide.  
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8. CHAPTER 8: SUPPLEMENTAL TABLES, FIGURES, AND DETAILED 
METHODS 
 
 
8.1 Supplemental Information for Chapter 2 
8.1.1 Table S2-1. 
 
Table S2-1. GPS Coordinates and characteristics of 23 sampling sites within Kewaunee and Door 
counties, Wisconsin. 
 Sampling Site Characteristics   
Site Expanded 
Site Name 
GPS 
Coordinates 
(Lat., Long.) 
Site 
Specifications 
(Locational)* 
County Watershed 
Accumulation 
Area (km2) 
Watershed 
Accumulation 
Area Size 
Classification 
KRS 
Kewaunee 
River 
Source 
44.6180, -
87.6024 
Source of KR, 
Branch 1 Kewau
nee 
1543 Small 
Maple 
Casco Creek 
Maple 
44.6021, -
87.6021 
Branch 1 Kewau
nee 
3605 Small 
Crevice 
Casco Creek 
Crevice 
44.5837, -
87.6022 
Branch 1 Kewau
nee 
4795 Small 
River 
KR River 
Road 
44.5743, -
87.6846 
Branch 2 Kewau
nee 
18840 Medium 
School 
School 
Creek 
Valley Rd 
44.5645, -
87.6825 
Branch 2 
Kewau
nee 
1712 Medium 
KR54 
Kewaunee 
River 54 
44.5560, -
87.6612 
Branch 2 Kewau
nee 
42510 Medium 
Rockledge 
Kewaunee 
River 
Rockledge 
44.5451, -
87.6422 
Branch 2 
Kewau
nee 
43024 Medium 
Church 
Casco Creek 
Church 
44.5559, -
87.6180 
Branch 1 Kewau
nee 
6630 Small 
SCBig 
Scarboro 
Creek Big 
44.5205, -
87.6479 
Main River-
KR 
Kewau
nee 
13532 Medium 
SCKR 
Scarboro 
Creek 
Kewaunee 
River 
44.5142, -
87.6218 
Main River-
KR 
Kewau
nee 
1107 Small 
KRCA 
Kewaunee 
River 
County 
Road C-A 
44.5164, -
87.6084 
Main River-
KR 
Kewau
nee 
74601 Large 
BPKR 
Bremmer 
Park 
44.4606, -
87.5580 
Main River-
KR 
Kewau
nee 
83326 Large 
Loop 
KR Loop 44.4779, -
87.5271 
Main River-
KR 
Kewau
nee 
87241 Large 
KRM 
Kewaunee 
River 
Mouth 
44.4636, -
87.5044 
Mouth of KR, 
Main River 
Kewau
nee 
89588 Large 
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Table S2-1 Continued. 
DDUS 
CAFO 
impacted 
stream 
44.6754, -
87.5885 
Branch 2, 
Ahnapee River Kewau
nee 
1186 - 
DDDS 
CAFO 
impacted 
stream 
44.6546, -
87.5951 
Branch 1, 
Ahnapee River Kewau
nee 
1644 - 
ARS 
Ahnapee 
River 
Source 
44.7478, -
87.5365 
Source of 
Ahnapee River 
Door 
7543 - 
ARM 
Ahnapee 
River 
Mouth 
44.6181, -
87.4446 
Mouth of 
Ahnapee River Kewau
nee  
39996 - 
ETRS 
E. Twin 
River 
Source 
44.4567, -
87.6841 
Source of E. 
Twin River Kewau
nee 
2739 - 
ETRM 
E. Twin 
River 
Mouth 
44.3255, -
87.6245 
East Twin 
Main River Kewau
nee 
36134 - 
OKW1 Outside 
Kewaunee 
Watershed 
Site 1 
44.8497, -
87.4895 
Wetland 
surrounded 
stream 
Door - - 
OKW2 Outside 
Kewaunee 
Watershed 
Site 2 
44.8095, -
87.5865 
Gardner State 
Wildlife Area 
Door - - 
OKW3 Outside 
Kewaunee 
Watershed 
Site 3 
44.7706, -
87.6558 
Unprotected 
stream 
Door - - 
*Site Specifications: Includes specific location details of Kewaunee County Sites (branch of river 
(KR=Kewaunee River), mouth or source, etc.) and specifications for the sites in Door County, Wisconsin.  
 
 
8.1.2 Detailed site information for Kewaunee and Door counties, Wisconsin. 
 
Watershed Specifications for Kewaunee County, Wisconsin.  
Sampling sites fall within one of three watersheds within Kewaunee County, Wisconsin: 
the Kewaunee River watershed, Ahnapee River watershed, and East Twin River 
watershed. Specifications for each watershed are as follows:  
8.1.2.1 Kewaunee River watershed  
The Kewaunee River watershed encompasses 142 square miles of land area including 
295 stream miles143. Waterways within the watershed include the main Kewaunee River 
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and major tributaries including Casco, School, Scarboro, and Little Scarboro Creeks. The 
watershed is primarily located within Kewaunee County (83%) and the majority is 
agricultural land (75%)143. Due to high amounts of agricultural activity, including 
multiple concentrated animal feeding operations (CAFOs) and manure fertilized 
cropland, the Kewaunee Watershed is ranked as a high priority for nonpoint source 
pollution for both stream and groundwater1. Runoff is of primary concern and occur 
regularly within the watershed and the Kewaunee River is listed on Wisconsin’s 303(d) 
list of impaired surface waters280.   
8.1.2.2 Ahnapee River watershed 
The Ahnapee River watershed is located in both Kewaunee and Door counties with 65% 
located within northern Kewaunee County. The Ahnapee River is listed on Wisconsin’s 
303(d) list of impaired surface water due to nonpoint source pollution from sedimentation 
and nutrient enrichment. Surface and groundwater pollution of are primary concern due 
to runoff and shallow, fractured bedrock143.  
8.1.2.3 East Twin River watershed  
The East Twin River watershed is located in both Kewaunee and Manitowoc counties 
with 49% located within southern Kewaunee County. Nonpoint source pollution and 
nutrient enrichment are primary concerns within the East Twin River watershed143.  
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8.1.3 Table S2-2. 
 
Table S2-2. qPCR primers and reaction parameters used in this study. 
Gene Primer 
Annealing 
Temperature 
(oC)* 
Amplicon 
Length 
(bp) Sequence (5'-3') References 
tet(W) 
FW 
RV 
58 168 
GAGAGCCTGCTATATGCCAGC 
GGGGCTATCCACAATGTTAAC 
Aminov et al. 
2001 
erm(B) 
FW 
RV 
58 364 
GATACCGTTTACGAAATTGG 
GAATCGAGACTTGAGTGTGC 
Chen et al. 
2007 
sul1 
FW 
RV 
60 433 
CCGTTGGCCTTCCTGTAAAG 
TTGCCGATCGCGTGAAGT 
Heuer, 
Smalla 2007 
qnrA 
FW 
RV 
60 124 
AGGATTTCTCAGGCCAGGATT 
CCGCTTTCAATGAAACTGCA 
Cummings et 
al. 2011 
intI1 
FW 
RV 
60 280 
CCTCCCGCACGATGATC 
TCCACGCATCGTCAGGC 
Goldstein et 
al. 2001 
16S 
rRNA 
341F 
514R 
58 173 
CCTACGGGAGGCAGCAG 
ATTACCGCGGCTGCTGG 
Muyzer et al. 
1993 
*Annealing temperatures were optimized for this study and differ from the referenced publications. PCR 
reaction mixtures can be found in Chapter 2, section 2.2.2 above.  
 
 
8.1.4 Table S2-3 
 
 
Table S2-3. Concentrations of antibiotics and antimicrobials measured in Kewaunee County surface 
waters.  
Samples that were not measured during a specific time point are denoted with a dash (-) and samples 
with values below the limit of detection (see Table S2.4) are denoted with N.D. Measurements were 
not collected for September 2016 samples.  
Antibiotics and Antimicrobials (ng/L) 
Sampling 
Site 
Sulfamethazine 
(SMI) 
Sulfamethoxazole 
(SMO) 
Triclocarban 
(TCC) 
Triclosan 
(TCS) 
Trimethoprim 
(TMP) 
July 13th, 2016 
KRS - - - - - 
Maple N.D. N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. 1.94 N.D. N.D. 
River N.D. N.D. N.D. N.D. N.D. 
School N.D. N.D. 1.88 N.D. N.D. 
KR54 N.D. N.D. 2 N.D. N.D. 
Rockledge N.D. N.D. 2.03 N.D. N.D. 
Church N.D. N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. 1.92 N.D. N.D. 
SCKR N.D. N.D. 1.96 N.D. N.D. 
KRCA N.D. N.D. 0.48 N.D. N.D. 
BPKR N.D. N.D. 2.32 N.D. N.D. 
Loop N.D. N.D. N.D. N.D. N.D. 
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KRM N.D. N.D. 3.26 N.D. N.D. 
DDUS - - - - - 
DDDS 23.98 N.D. 2.32 N.D. N.D. 
ARS N.D. N.D. 3.51 N.D. N.D. 
ARM - - - - - 
ETRS N.D. N.D. 1.89 4.2 N.D. 
ETRM N.D. N.D. 2.02 N.D. N.D. 
October 25th, 2016 
KRS N.D. N.D. N.D. N.D. N.D. 
Maple N.D. N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. N.D. 
River N.D. N.D. N.D. N.D. N.D. 
School N.D. N.D. N.D. N.D. N.D. 
KR54 N.D. N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. N.D. 
Loop N.D. N.D. N.D. 32.9 N.D. 
KRM N.D. N.D. N.D. N.D. N.D. 
DDUS - - - - - 
DDDS N.D. N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. N.D. 
February 24th, 2017 
KRS N.D. N.D. 0.5 N.D. N.D. 
Maple N.D. N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. 0.02 N.D. N.D. 
River - - - - - 
School N.D. N.D. N.D. N.D. N.D. 
KR54 - - - - - 
Rockledge N.D. N.D. 0.06 N.D. N.D. 
Church - - - - - 
SCBig N.D. N.D. 0.07 N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. N.D. 
KRCA - - - - - 
BPKR N.D. N.D. 14.9 5.1 N.D. 
Loop N.D. N.D. N.D. N.D. N.D. 
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KRM N.D. N.D. 0.26 N.D. N.D. 
DDUS N.D. N.D. N.D. N.D. N.D. 
DDDS N.D. N.D. 0.11 N.D. N.D. 
ARS N.D. N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. 0.18 N.D. N.D. 
ETRM N.D. N.D. 0.1 N.D. N.D. 
May 22nd, 2017 
KRS N.D. N.D. N.D. N.D. N.D. 
Maple N.D. N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. N.D. 
River N.D. 6.55 N.D. N.D. N.D. 
School N.D. 6.54 N.D. N.D. N.D. 
KR54 N.D. N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. N.D. 
Loop N.D. N.D. N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. N.D. 
DDUS N.D. N.D. N.D. N.D. N.D. 
DDDS N.D. N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. N.D. 
ETRM - - - - - 
OKW 1 N.D. N.D. N.D. N.D. N.D. 
OKW 2 N.D. N.D. N.D. N.D. N.D. 
OKW 3 N.D. N.D. N.D. N.D. N.D. 
 
 
8.1.5 Table S2-4 
 
 
Table S2-4. Concentrations of hormones measured in Kewaunee County surface waters. 
Samples that were not measured during a specific time point are denoted with a dash (-) and samples 
with values below the limit of detection (see Table S2.4.1) are denoted with N.D. Measurements 
were not collected for September 2016 samples. 
Hormones (ng/L) 
Sample Site Esterone(E1) 17β-estradiol(βE2) 17α-estradiol(αE2) Ethinylestradiol(EE2) 
13-Jul-16 
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KRS N.D. N.D. N.D. N.D. 
Maple N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River N.D. N.D. N.D. N.D. 
School N.D. N.D. N.D. N.D. 
KR54 N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. 
Loop N.D. N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. 
DDUS N.D. N.D. N.D. N.D. 
DDDS N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
25-Oct-16 
KRS N.D. 5.4 N.D. N.D. 
Maple N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River N.D. N.D. N.D. N.D. 
School N.D. N.D. N.D. N.D. 
KR54 N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. N.D. 
SCKR N.D. 16 12.5 N.D. 
KRCA N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. 
Loop N.D. N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. 
DDUS - - - - 
DDDS N.D. 7 N.D. N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. 
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ETRS N.D. N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
24-Feb-17 
KRS N.D. 17.6 N.D. N.D. 
Maple N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River - - - - 
School - - - - 
KR54 - - - - 
Rockledge N.D. N.D. N.D. N.D. 
Church - - - - 
SCBig N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA - - - - 
BPKR N.D. N.D. N.D. N.D. 
Loop N.D. 3.8 N.D. N.D. 
KRM N.D. 21.9 N.D. N.D. 
DDUS - - - - 
DDDS N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
22-May-17 
KRS N.D. N.D. N.D. N.D. 
Maple 0.9 N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River N.D. N.D. N.D. N.D. 
School 0.8 N.D. N.D. N.D. 
KR54 N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. 
Loop 1.1 N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. 
DDUS 2 N.D. N.D. N.D. 
163 
 
Table S2-4 Continued. 
DDDS N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM - - - - 
OKW 1 N.D. N.D. N.D. N.D. 
OKW 2 N.D. N.D. N.D. N.D. 
OKW 3 N.D. N.D. N.D. N.D. 
Sampling 
Site 
Estriol(E3) 
Esterone-3-
Sulfate(E1-S) 
Estradiol-3-
Sulfate(E2-S)  
13-Jul-16  
KRS N.D. N.D. N.D.  
Maple N.D. 1.5 N.D.  
Crevice N.D. 12.3 N.D.  
River N.D. 10.1 N.D.  
School N.D. N.D. N.D.  
KR54 N.D. N.D. N.D.  
Rockledge N.D. 3.7 N.D.  
Church N.D. N.D. N.D.  
SCBig N.D. N.D. N.D.  
SCKR N.D. N.D. N.D.  
KRCA N.D. N.D. N.D.  
BPKR N.D. 15.9 N.D.  
Loop N.D. N.D. N.D.  
KRM N.D. 4.4 N.D.  
DDUS N.D. N.D. N.D.  
DDDS N.D. N.D. N.D.  
ARS N.D. N.D. N.D.  
ARM N.D. 5.7 N.D.  
ETRS N.D. 2.8 N.D.  
ETRM N.D. N.D. N.D.  
25-Oct-16  
KRS N.D. 2.1 N.D.  
Maple N.D. 2.7 N.D.  
Crevice N.D. 1.8 N.D.  
River N.D. 3.4 N.D.  
School N.D. 2.9 N.D.  
KR54 N.D. 1.6 N.D.  
Rockledge N.D. 2.2 N.D. 
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Church N.D. 2.7 N.D.  
SCBig N.D. 3.4 N.D.  
SCKR N.D. 1.7 N.D.  
KRCA N.D. 9.9 56.1  
BPKR N.D. 1.9 N.D.  
Loop N.D. 3.7 N.D.  
KRM N.D. 2.2 N.D.  
DDUS - - -  
DDDS N.D. 1.7 N.D.  
ARS N.D. 1.4 N.D.  
ARM N.D. 3 N.D.  
ETRS N.D. 2 N.D.  
ETRM N.D. 1.8 N.D.  
24-Feb-17  
KRS N.D. N.D. N.D.  
Maple N.D. N.D. N.D.  
Crevice N.D. N.D. N.D.  
River - - -  
School - - -  
KR54 - - -  
Rockledge N.D. N.D. N.D.  
Church - - -  
SCBig N.D. N.D. N.D.  
SCKR N.D. N.D. N.D.  
KRCA - - -  
BPKR N.D. N.D. N.D.  
Loop N.D. N.D. N.D.  
KRM N.D. N.D. N.D.  
DDUS - - -  
DDDS N.D. N.D. N.D.  
ARS N.D. N.D. N.D.  
ARM N.D. N.D. N.D.  
ETRS N.D. N.D. N.D.  
ETRM N.D. N.D. N.D.  
22-May-17  
KRS N.D. N.D. N.D.  
Maple N.D. N.D. N.D.  
Crevice N.D. N.D. N.D.  
River N.D. N.D. N.D.  
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School N.D. N.D. N.D.  
KR54 N.D. N.D. N.D.  
Rockledge N.D. N.D. N.D.  
Church N.D. N.D. N.D.  
SCBig N.D. N.D. N.D.  
SCKR N.D. N.D. N.D.  
KRCA N.D. N.D. N.D.  
BPKR N.D. N.D. N.D.  
Loop N.D. N.D. N.D.  
KRM N.D. N.D. N.D.  
DDUS N.D. N.D. N.D.  
DDDS N.D. N.D. N.D.  
ARS N.D. N.D. N.D.  
ARM N.D. N.D. N.D.  
ETRS N.D. N.D. N.D.  
ETRM - - -  
OKW 1 N.D. N.D. N.D.  
OKW 2 N.D. N.D. N.D.  
OKW 3 N.D. N.D. N.D.  
 
 
8.1.6 Table S2-5. 
 
 
Table S2-5. Concentrations of pharmaceuticals and personal care products (PPCPs) measured in 
Kewaunee County surface waters. 
Samples that were not measured during a specific time point are denoted with a dash 
(-) and samples with values below the limit of detection (see Table S2.4.2) are 
denoted with N.D. Measurements were not collected for September 2016 samples. 
Personal Care Products and Pharmaceuticals (ng/L) 
Sampling 
Site 
Acetaminophen Caffeine Carbamazepine Diphenhydramine 
(ACE) (CAF) (CBZ) (DPH) 
13-Jul-16 
KRS - - - - 
Maple N.D. 22.7 0.8 N.D. 
Crevice N.D. 40.8 4.4 N.D. 
River N.D. 85.5 N.D. N.D. 
School N.D. 37.7 4.9 N.D. 
KR54 N.D. 27.7 2.77 N.D. 
Rockledge N.D. 53.2 N.D. N.D. 
Church N.D. 83.7 N.D. N.D. 
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SCBig N.D. 30.9 N.D. N.D. 
SCKR N.D. 12 N.D. N.D. 
KRCA N.D. 154.9 N.D. N.D. 
BPKR N.D. 104.7 N.D. N.D. 
Loop N.D. 82.6 N.D. N.D. 
KRM N.D. 27 4.4 N.D. 
DDUS - - - - 
DDDS N.D. 21.6 5.7 N.D. 
ARS N.D. 31.7 N.D. N.D. 
ARM - - - - 
ETRS N.D. 29.2 N.D. N.D. 
ETRM N.D. 14.5 N.D. N.D. 
25-Oct-16 
KRS N.D. N.D. 1.6 N.D. 
Maple N.D. N.D. 4.3 N.D. 
Crevice N.D. N.D. 3.1 N.D. 
River N.D. N.D. 3.8 N.D. 
School N.D. N.D. N.D. N.D. 
KR54 N.D. N.D. 3.2 N.D. 
Rockledge N.D. 18.5 2.9 N.D. 
Church N.D. 62.3 N.D. N.D. 
SCBig N.D. 26.5 N.D. N.D. 
SCKR N.D. 62.6 N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. 
BPKR N.D. N.D. N.D. N.D. 
Loop N.D. 21.1 N.D. N.D. 
KRM N.D. 23.9 11.9 N.D. 
DDUS - - - - 
DDDS N.D. 10.8 6.1 N.D. 
ARS N.D. 10.3 5.1 N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. 40.3 N.D. N.D. 
ETRM N.D. 14 N.D. N.D. 
24-Feb-17 
KRS N.D. N.D. N.D. N.D. 
Maple N.D. N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River - - - - 
School N.D. N.D. N.D. N.D. 
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KR54 - - - - 
Rockledge N.D. N.D. N.D. N.D. 
Church - - - - 
SCBig N.D. N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA - - - - 
BPKR N.D. N.D. N.D. N.D. 
Loop N.D. N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. 
DDUS N.D. N.D. N.D. N.D. 
DDDS N.D. N.D. 4.3 N.D. 
ARS N.D. N.D. 3.9 N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
22-May-17 
KRS 22.5 10.4 3.58 N.D. 
Maple 50.7 17.1 3.76 N.D. 
Crevice N.D. 15.6 3.53 N.D. 
River N.D. 32.4 3.1 N.D. 
School N.D. 14.7 2.94 N.D. 
KR54 48.3 9.3 N.D. N.D. 
Rockledge 22.2 18.5 2.9 N.D. 
Church 38.1 24.3 2.95 N.D. 
SCBig 28.8 6.3 N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA N.D. 17.7 2.81 N.D. 
BPKR N.D. 14.4 N.D. N.D. 
Loop N.D. 25.9 2.55 N.D. 
KRM 31.1 22.5 3.56 N.D. 
DDUS 36.7 19.5 N.D. N.D. 
DDDS 30.9 23.5 7.02 N.D. 
ARS 34.7 19.5 5.56 N.D. 
ARM 74.4 74.4 N.D. N.D. 
ETRS N.D. 13.4 N.D. N.D. 
ETRM - - - - 
OKW 1 N.D. 14.5 2.87 N.D. 
OKW 2 N.D. N.D. 2.81 N.D. 
OKW 3 N.D. 36.6 N.D. N.D. 
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Sampling 
Site 
Fluoxetine Gemfibrozil Ibuprofen 
Naproxen 
(FLU) (GEM) (IBU) 
13-Jul-16 
KRS - - - - 
Maple 4.5 2.77 N.D. 1.4 
Crevice 4.8 3.26 N.D. N.D. 
River N.D. N.D. N.D. N.D. 
School 3.9 N.D. N.D. N.D. 
KR54 4.3 N.D. N.D. N.D. 
Rockledge 7.1 N.D. N.D. N.D. 
Church 7.1 N.D. N.D. N.D. 
SCBig 4.1 N.D. N.D. N.D. 
SCKR 4.4 3.23 N.D. N.D. 
KRCA 8.5 2.82 N.D. N.D. 
BPKR 7.9 N.D. N.D. N.D. 
Loop N.D. N.D. N.D. N.D. 
KRM 4.3 2.5 N.D. N.D. 
DDUS - - - - 
DDDS 1.8 N.D. N.D. N.D. 
ARS 3.8 N.D. N.D. N.D. 
ARM - - - - 
ETRS 2.1 N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
25-Oct-16 
KRS 6.9 N.D. N.D. N.D. 
Maple 2.5 N.D. N.D. N.D. 
Crevice 4.8 N.D. N.D. N.D. 
River 8.2 N.D. N.D. N.D. 
School 5 N.D. N.D. N.D. 
KR54 3.6 N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. 
SCBig 2.5 N.D. N.D. N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. N.D. 
BPKR 5.3 N.D. N.D. N.D. 
Loop 3.2 N.D. N.D. N.D. 
KRM 3.2 N.D. N.D. N.D. 
DDUS - - - - 
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DDDS 5 N.D. N.D. N.D. 
ARS 4.3 N.D. N.D. N.D. 
ARM 10.7 N.D. N.D. N.D. 
ETRS 2.9 N.D. N.D. N.D. 
ETRM N.D. N.D. N.D. N.D. 
24-Feb-17 
KRS 6.9 N.D. 3.9 N.D. 
Maple 7.8 N.D. N.D. N.D. 
Crevice N.D. N.D. N.D. N.D. 
River - - - - 
School N.D. N.D. 35.9 N.D. 
KR54 - - - - 
Rockledge N.D. N.D. 20 N.D. 
Church - - - - 
SCBig 5 N.D. 7 N.D. 
SCKR N.D. N.D. N.D. N.D. 
KRCA - - - - 
BPKR N.D. 0.6 9.8 N.D. 
Loop 10.2 N.D. 9.3 N.D. 
KRM 8 N.D. 15.6 N.D. 
DDUS 6.5 N.D. N.D. N.D. 
DDDS 4.7 N.D. 3.8 N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM 7.6 N.D. 3.6 N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM 8.8 N.D. N.D. N.D. 
22-May-17 
KRS N.D. N.D. N.D. N.D. 
Maple N.D. N.D. N.D. 4.5 
Crevice N.D. N.D. N.D. 4.3 
River N.D. N.D. N.D. N.D. 
School N.D. N.D. N.D. 4.8 
KR54 N.D. N.D. N.D. N.D. 
Rockledge N.D. N.D. N.D. N.D. 
Church N.D. N.D. N.D. N.D. 
SCBig N.D. N.D. N.D. 4.1 
SCKR N.D. N.D. N.D. N.D. 
KRCA N.D. N.D. N.D. 6.3 
BPKR N.D. N.D. N.D. 5.2 
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Table S2-5 Continued. 
Loop N.D. N.D. N.D. N.D. 
KRM N.D. N.D. N.D. N.D. 
DDUS N.D. N.D. N.D. N.D. 
DDDS N.D. N.D. N.D. N.D. 
ARS N.D. N.D. N.D. N.D. 
ARM N.D. N.D. N.D. N.D. 
ETRS N.D. N.D. N.D. N.D. 
ETRM - - - - 
OKW 1 N.D. N.D. N.D. N.D. 
OKW 2 N.D. N.D. N.D. N.D. 
OKW 3 N.D. N.D. N.D. N.D. 
 
 
8.1.7 Table S2-6. 
 
 
Table S2-6. Concentrations of pollutants and fecal indicators measured in Kewaunee County surface 
waters. 
Samples that were not measured during a specific time point are denoted with a dash (-) and 
samples with values below the limit of detection are denoted with N.D.  
Pollutants and Fecal Indicator Variables 
Sampling Site 
Nitrates 
(mg/L) 
Phosphates 
(mg/L) 
Coliforms (log 
MPN) E. coli (log MPN) 
July 13, 2016 
KRS 37.00 0.05 3.30 2.95 
Maple 74.00 0.08 3.38 3.19 
Crevice 42.00 0.06 3.30 2.71 
River 12.90 0.18 3.38 2.84 
School 8.00 0.55 3.38 2.49 
KR54 14.50 0.13 3.38 2.71 
Rockledge N.D. 0.26 3.38 2.66 
Church N.D. 0.11 3.38 3.08 
SCBig 22.50 0.11 3.38 2.91 
SCKR 83.00 N.D. 3.38 3.19 
KRCA 22.50 0.16 3.19 2.49 
BPKR 14.75 0.12 3.38 1.42 
Loop 11.87 0.14 3.38 1.29 
KRM 0.50 0.11 3.02 1.75 
DDUS N.D. 0.19 3.38 2.74 
DDDS 43.00 12.40 3.38 2.86 
ARS 1.60 0.06 3.11 2.39 
ARM 2.00 0.05 3.05 2.44 
ETRS 2.20 0.08 3.38 3.08 
ETRM 23.00 0.13 3.38 2.71 
September 14, 2016 
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Table S2-6 Continued. 
KRS 17.10 0.05 3.60 2.76 
Maple 12.70 0.10 3.68 2.89 
Crevice 6.90 0.14 3.68 2.55 
River 3.00 0.01 3.38 3.32 
School 1.70 0.35 3.38 2.16 
KR54 2.40 0.00 3.68 3.06 
Rockledge 2.70 0.26 3.38 3.54 
Church 3.90 0.11 3.68 3.09 
SCBig 4.80 0.08 3.45 2.99 
SCKR 10.10 0.14 3.38 2.54 
KRCA 6.00 0.10 3.09 3.09 
BPKR 3.10 0.03 3.60 2.21 
Loop 1.20 0.01 3.38 1.16 
KRM 0.25 0.24 3.38 1.39 
DDUS 2.70 0.24 3.49 2.64 
DDDS 6.80 0.29 3.54 2.70 
ARS 2.80 0.04 3.45 2.25 
ARM 0.93 0.05 3.60 2.64 
ETRS 4.40 0.02 3.38 2.72 
ETRM 8.30 0.05 3.49 2.91 
October 25th, 2016 
KRS 7.46 2.29 3.49 2.31 
Maple 60.35 0.03 2.99 2.41 
Crevice 38.56 0.08 3.01 2.18 
River 8.79 0.23 3.16 1.38 
School 6.45 0.03 2.79 1.24 
KR54 11.86 0.20 3.21 2.15 
Rockledge 15.67 0.05 3.01 2.25 
Church 22.70 0.11 2.91 2.14 
SCBig 40.50 0.05 2.89 2.09 
SCKR 2.05 0.00 2.76 1.69 
KRCA 1.35 1.86 2.50 2.43 
BPKR 14.96 0.04 2.74 1.78 
Loop 8.58 0.13 2.89 1.47 
KRM 3.58 0.09 2.99 1.18 
DDUS - - - - 
DDDS 51.88 0.08 3.14 1.66 
ARS 30.15 0.06 2.74 1.97 
ARM 7.11 0.06 2.99 2.05 
ETRS 18.92 0.09 3.06 1.83 
ETRM 23.97 0.01 3.11 2.20 
February 24, 2017 
KRS 42.64 N.D. 2.15 0.49 
Maple 32.36 0.04 2.30 1.04 
Crevice 18.43 0.00 2.13 0.61 
River N.D. N.D. 2.19 0.93 
School 39.45 1.53 2.35 1.24 
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Table S2-6 Continued. 
KR54 N.D. N.D. 2.20 1.33 
Rockledge 25.60 1.06 2.61 0.87 
Church N.D. N.D. 1.81 1.20 
SCBig 28.24 3.69 2.45 1.64 
SCKR 36.20 0.03 2.24 0.30 
KRCA - - - - 
BPKR 24.14 0.26 2.49 0.93 
Loop 21.55 0.21 2.61 0.80 
KRM 20.46 1.20 2.69 0.79 
DDUS 15.06 0.00 - - 
DDDS 9.16 0.01 2.64 1.30 
ARS 9.41 0.09 2.31 1.54 
ARM 5.74 0.01 2.18 1.40 
ETRS N.D. 0.38 2.61 0.99 
ETRM 18.74 0.00 2.13 1.33 
May 22, 2017 
KRS 0.82 N.D. 2.81 1.59 
Maple 0.10 N.D. 2.84 1.72 
Crevice 57.37 1.60 2.86 2.51 
River 83.48 N.D. 2.89 2.03 
School 22.88 1.08 2.61 1.08 
KR54 37.41 N.D. 2.84 1.72 
Rockledge 1.57 N.D. 3.38 1.82 
Church 0.02 N.D. 2.35 1.83 
SCBig 38.68 1.35 2.11 1.12 
SCKR 0.06 N.D. 2.19 0.72 
KRCA 25.91 1.03 2.61 1.20 
BPKR 0.02 N.D. 2.08 0.80 
Loop 0.14 N.D. 2.30 1.04 
KRM N.D. N.D. 2.38 1.54 
DDUS 0.08 N.D. 3.08 2.50 
DDDS 0.03 N.D. 2.64 0.61 
ARS 0.16 N.D. 3.05 1.51 
ARM 19.17 N.D. 2.24 1.38 
ETRS 0.10 N.D. 2.56 1.41 
ETRM 0.06 N.D. 2.29 1.81 
OKW 1 0.57 N.D. 1.99 0.87 
OKW 2 14.29 0.63 2.69 1.41 
OKW 3 32.38 1.71 2.91 1.84 
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8.1.8 Table S2-7. 
 
 
Table S2-7. Additional variables measured in May 2017 only in Kewaunee County sediments and 
manure. 
Samples that were not measured are denoted with a dash (-). 
Sampling 
Site 
Na 
(ppm) 
Mg 
(ppm) 
K 
(ppm) 
Ca 
(ppm) 
Fe (ppm) 
Ni 
(ppm) 
KRS 2.15 152.55 2.54 485.98 34.25 0.04 
Maple 2.85 41.83 2.9 170.65 45.93 0.07 
Crevice 2.16 39.54 1.05 222.97 25.13 0.02 
River 3.29 105.98 3.85 250.87 77.95 0.06 
School 4.81 307.37 3.83 652.12 70.22 0.05 
KR54 4.28 128.29 5.99 388.26 90.61 0.08 
Rockledge 1.36 235.42 3.39 547.34 56.68 0.06 
Church 5.81 379.42 4.82 843.58 87.48 0.07 
SCBig 3.2 109.29 2.88 345.2 43.97 0.04 
Table S2-7 Continued. 
SCKR 3.99 223.56 1.59 496.25 35.02 0.03 
KRCA 1.04 298.33 3.27 741.73 58.04 0.05 
BPKR 3.44 355.74 2.78 806.86 35.9 0.04 
Loop 2.4 74.89 6.07 384.21 92.53 0.11 
KRM 2.08 146.9 6.59 424.21 95.73 0.1 
DDUS 1.97 292.27 1.82 697.75 56.53 0.03 
DDDS 2.8 153.79 5.18 398.13 76.9 0.06 
ARS 3.2 202.27 2.1 534.07 42.94 0.05 
ARM 6.33 1054.13 3.52 1949.1 62.49 0.09 
ETRS 5.63 35.2 2.51 139.06 50.68 0.04 
ETRM 2.65 147.93 4.7 316.99 73.58 0.08 
OKW 1 4.05 451.34 2.31 926.87 44.07 0.04 
OKW 2 3.5 207.31 1.32 515.08 53.09 0.02 
OKW 3 2.74 39.59 3.27 120.52 44.15 0.06 
Manure 1 3.23 227.07 20.38 563.88 88.07 0.08 
Manure 2 3.16 222.82 19.93 556.5 86.89 0.07 
Sampling 
Site 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Total Organic 
Carbon (mg/kg) 
 
KRS 0.07 0.26 0.01 0.09 27700  
Maple 0.12 0.35 0.01 0.05 113000  
Crevice 0.04 0.22 0 0.02 -  
River 0.1 0.62 0.01 0.03 -  
School 0.05 0.19 0.01 0.04 -  
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Table S2-7 Continued.  
KR54 0.12 0.39 0.01 0.21 -  
Rockledge 0.08 0.29 0.01 0.05 -  
Church 0.2 0.52 0.02 0.28 37300  
SCBig 0.04 0.16 0.01 0.03 -  
SCKR 0.03 0.12 0.01 0.03 8030  
KRCA 0.08 0.21 0.01 0.04 11600  
BPKR 1.4 0.13 0.01 0.03 11900  
Loop 0.13 0.22 0.02 0.06 10500  
KRM 0.13 0.34 0.02 0.1 19000  
DDUS 0.03 0.14 0.01 0.04 -  
DDDS 0.09 0.7 0.01 0.05 36300  
ARS 0.07 0.2 0.01 0.11 73500  
ARM 0.17 0.81 0.03 0.45 40700  
ETRS 0.07 0.3 0.01 0.06 -  
ETRM 0.08 0.61 0.01 0.09 -  
OKW 1 0.03 0.15 0.01 0.01 15200  
OKW 2 0.03 0.1 0.01 0.02 20400  
OKW 3 0.08 0.24 0.01 0.04 -  
Manure 1 0.439 0.512 0.03 0.075 -  
Manure 2 0.417 0.488 0.03 0.072 -  
 
 
8.1.9 Table S2-8.  
 
 
Table S2-8. Seasonal variables measured in the field. Measurements were not collected during 
September and October 2016. 
Seasonal Variables 
Sampling Site pH Dissolved Oxygen (mg/L) 
July 13, 2016 
KRS 7.52 10.64 
Maple 7.52 8.93 
Crevice 7.52 9.04 
River 7.52 7.87 
School 7.40 9.40 
KR54 7.52 7.74 
Rockledge 7.40 8.10 
Church 7.40 8.49 
SCBig 7.52 10.31 
SCKR 7.70 10.47 
KRCA 7.70 11.40 
BPKR 8.00 11.27 
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Table S2-8 Continued. 
Loop 7.70 9.18 
KRM 7.70 9.97 
DDUS 7.40 8.51 
DDDS 6.80 8.34 
ARS 7.05 7.20 
ARM 7.05 7.17 
ETRS 7.70 9.56 
ETRM 7.70 10.26 
February 24, 2017 
KRS 8.00 15.14 
Maple 7.40 13.28 
Crevice 8.00 16.18 
River 7.40 16.07 
School 7.52 14.99 
KR54 7.30 14.34 
Rockledge 7.40 15.45 
Church 7.22 12.43 
SCBig 7.52 14.90 
SCKR 7.40 14.79 
KRCA 7.52 15.39 
BPKR 8.00 14.61 
Loop 7.40 14.05 
KRM 7.40 15.00 
DDUS 7.30 13.96 
DDDS 8.00 15.73 
ARS 8.00 15.49 
ARM 7.52 14.12 
ETRS 7.15 12.41 
ETRM 7.70 20.05 
May 22, 2017 
KRS 7.77 3.77 
Maple 8.07 4.77 
Crevice 8.06 4.98 
River 8.01 4.13 
School 8.48 5.00 
KR54 8.28 4.63 
Rockledge 8.35 5.25 
Church 8.34 4.92 
SCBig 8.54 5.69 
SCKR 7.95 4.44 
KRCA 8.73 6.38 
BPKR 8.86 6.43 
Loop 8.55 5.64 
KRM 8.69 4.82 
DDUS 7.95 4.03 
DDDS 7.25 4.46 
ARS 7.87 4.36 
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Table S2-8 Continued. 
ARM 8.37 4.82 
ETRS 8.51 4.00 
ETRM 8.55 5.06 
OKW 1 8.14 4.88 
OKW 2 8.35 4.02 
OKW 3 7.99 5.42 
 
 
8.1.10 Table S2-9. 
 
 
Table S2-9. Kewaunee County stream flow (1 month previous mean), precipitation (1 month previous 
total), and temperature (1 month previous mean)*. 
 Seasonal Variables  
Sampling Month 
Stream Flow (ft3/s) 
Rainfall (mm/24 
hour) 
Temperature (°C) 
July 2016 29.74 89.15 25.3 
September 2016 36.29 114.3 24.6 
October 2016 20.90 28.7 16.6 
February 2017 0 27.43 2.2 
May 2017 73.55 73.91 14.4 
* Temperature and precipitation measurements were obtained from USClimateData.com for Kewaunee, 
Wisconsin. Flow rate was measured at USGS site 04085200 and obtained from 
https://waterdata.usgs.gov/usa/nwis/uv?04085200.  
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8.1.11 Table S2-10. 
 
 
Table S2-10. Mean gene abundance/16S rRNA gene in sediment and water at 23 sampling sites. 
Samples that were not measured during a specific time point are denoted with a dash (-) and samples with 
values below the limit of detection (see Methods) are denoted with N.D. 
Gene Abundances (log of normalized ARG/16S) 
Genes in Sediment (g) 
Sampling 
Site 
erm(B) tet(W) qnrA sul1 intI1 
13-Jul-16 
KRS 1.45E-04 6.15E-06 1.22E-04 1.15E-03 3.30E-04 
Maple 1.80E-05 N.D. 8.03E-06 3.08E-05 4.69E-05 
Crevice 2.55E-05 2.39E-07 1.99E-04 2.74E-04 1.32E-04 
River 3.37E-06 5.51E-07 1.63E-06 1.02E-04 2.05E-05 
School 3.78E-06 5.86E-08 7.35E-06 2.50E-04 1.80E-04 
KR54 7.14E-05 2.64E-06 1.54E-04 5.89E-04 2.26E-04 
Rockledge N.D. N.D. 4.31E-04 1.72E-03 3.48E-04 
Church 7.21E-06 1.69E-06 4.49E-06 2.79E-04 5.63E-04 
SCBig 1.25E-05 1.48E-07 1.47E-05 7.64E-04 1.84E-05 
SCKR 5.25E-04 N.D. 6.93E-04 2.46E-03 9.10E-04 
KRCA 4.69E-05 1.78E-06 2.83E-05 1.16E-03 1.05E-04 
BPKR 8.58E-06 3.59E-08 5.72E-06 3.93E-04 1.44E-04 
Loop 9.19E-06 2.79E-07 2.38E-05 9.09E-05 4.21E-05 
KRM 6.10E-05 3.91E-06 1.70E-05 2.32E-04 1.29E-04 
DDUS 7.14E-06 1.33E-07 4.54E-06 3.02E-05 1.81E-05 
DDDS 1.48E-05 2.04E-06 7.14E-06 8.90E-05 6.95E-05 
ARS 3.66E-06 N.D. 2.15E-05 4.35E-05 2.57E-05 
ARM 2.48E-06 3.25E-08 8.08E-06 3.95E-05 1.70E-05 
ETRS 6.99E-06 2.62E-07 6.94E-06 3.06E-05 9.71E-06 
ETRM - - - - - 
14-Sep-16 
KRS 4.66E-05 3.37E-03 1.19E-04 8.84E-04 9.01E-04 
Maple 3.62E-03 1.55E-03 1.65E-03 1.52E-03 4.99E-03 
Crevice - - - - - 
River 7.48E-05 1.35E-05 3.81E-05 6.20E-04 1.04E-04 
School 3.73E-05 N.D. N.D. 2.47E-03 1.50E-04 
KR54 2.03E-05 8.12E-04 6.26E-05 1.09E-03 6.25E-04 
Rockledge 8.63E-05 3.16E-03 7.44E-04 5.17E-04 5.65E-04 
Church 2.18E-05 5.47E-06 4.79E-05 2.68E-03 2.77E-03 
SCBig 1.63E-05 N.D. 8.30E-04 2.81E-04 1.40E-05 
SCKR 8.78E-05 5.76E-03 1.66E-04 5.05E-03 2.90E-03 
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Table S2-10 Continued. 
KRCA 4.57E-04 3.94E-03 8.49E-04 2.19E-03 3.67E-03 
BPKR 2.11E-03 1.20E-03 3.26E-04 1.92E-03 2.23E-04 
Loop 4.01E-05 1.31E-03 2.55E-04 3.87E-04 1.21E-03 
KRM 3.20E-04 1.24E-03 3.44E-04 6.87E-04 2.50E-03 
DDUS 1.34E-04 4.45E-03 3.84E-04 7.17E-04 1.25E-03 
DDDS 1.30E-05 6.86E-04 2.95E-05 1.15E-04 4.43E-05 
ARS - - - - - 
ARM 7.93E-04 1.55E-03 1.35E-03 1.51E-03 3.58E-04 
ETRS - - - - - 
ETRM 6.75E-04 2.35E-03 1.01E-03 1.84E-03 1.51E-03 
25-Oct-16 
KRS 2.56E-04 1.08E-05 1.89E-02 1.72E-04 5.28E-04 
Maple 7.39E-03 1.05E-03 1.29E-04 1.88E-04 2.61E-03 
Crevice 3.97E-01 3.35E-03 1.68E-03 6.17E-03 1.56E-02 
River 1.33E-03 2.56E-05 4.59E-02 9.60E-04 2.58E-03 
School 4.55E-02 3.78E-03 2.61E-04 6.32E-03 4.10E-03 
KR54 5.36E-04 1.98E-05 6.90E-04 9.92E-03 1.08E-03 
Rockledge 1.36E-04 1.07E-06 2.09E-04 1.79E-03 1.77E-03 
Church 9.35E-06 2.77E-05 2.14E-04 9.69E-04 7.74E-04 
SCBig 1.24E-02 5.57E-04 3.10E-03 1.99E-03 3.30E-03 
SCKR - - - - - 
KRCA 9.74E-02 4.39E-03 4.33E-03 5.28E-03 3.90E-03 
BPKR 1.29E-03 1.88E-05 5.35E-02 6.65E-04 3.00E-04 
Loop 1.24E-03 N.D. 1.89E-03 3.35E-03 8.71E-04 
KRM 1.36E-02 2.09E-03 4.89E-05 1.65E-03 3.08E-03 
DDUS - - - - - 
DDDS 4.84E-04 4.03E-06 6.81E-02 2.47E-04 6.36E-03 
ARS 3.17E-02 2.08E-03 2.49E-04 1.53E-03 2.42E-03 
ARM 7.08E-05 1.74E-05 2.21E-02 1.79E-04 6.90E-04 
ETRS - - - - - 
ETRM - - - - - 
24-Feb-17 
KRS 3.80E-05 1.12E-06 1.46E-04 3.28E-04 7.90E-05 
Maple 2.41E-05 7.47E-07 1.55E-04 1.10E-04 6.00E-05 
Crevice 4.13E-05 1.80E-06 1.59E-04 3.22E-04 3.27E-05 
River - - - - - 
School 7.73E-05 4.81E-06 3.49E-04 6.01E-04 3.20E-04 
KR54 1.01E-05 7.93E-07 3.14E-05 8.16E-05 1.30E-05 
Rockledge 1.71E-05 1.86E-06 7.10E-05 3.08E-04 2.76E-04 
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Church 3.82E-05 6.36E-07 1.35E-04 1.65E-04 8.44E-05 
SCBig 9.76E-05 8.67E-06 4.16E-04 7.24E-04 7.58E-05 
SCKR 1.37E-04 6.33E-06 5.68E-04 9.66E-04 1.40E-04 
KRCA - - - - - 
BPKR 3.16E-05 1.44E-06 8.25E-05 2.70E-04 9.92E-05 
Loop 2.28E-05 5.46E-07 3.77E-04 3.44E-04 3.62E-06 
KRM 3.05E-05 4.65E-07 1.38E-04 1.98E-04 1.30E-04 
DDUS 9.19E-05 4.99E-06 4.67E-04 6.56E-04 5.58E-05 
DDDS 1.12E-04 2.94E-06 3.67E-04 1.29E-03 5.35E-05 
ARS 5.49E-05 2.26E-06 3.18E-04 4.07E-04 6.66E-05 
ARM 2.29E-05 1.54E-06 1.71E-04 2.44E-04 2.57E-05 
ETRS 2.05E-05 4.78E-06 5.29E-05 7.21E-05 N.D. 
ETRM 2.84E-05 2.36E-06 1.20E-04 3.40E-04 9.32E-05 
22-May-17 
KRS 6.48E-07 5.15E-07 1.40E-04 3.49E-06 1.78E-05 
Maple 5.95E-07 7.59E-06 8.36E-07 1.74E-06 7.92E-06 
Crevice 9.22E-07 6.97E-07 4.86E-08 1.34E-05 1.50E-05 
River 2.75E-06 2.25E-07 1.35E-04 3.35E-05 3.11E-05 
School 5.10E-07 6.86E-07 4.63E-05 1.86E-04 1.63E-04 
KR54 9.66E-07 1.83E-06 2.08E-07 1.01E-04 1.88E-04 
Rockledge 4.79E-06 8.57E-07 3.54E-04 1.28E-04 7.01E-05 
Church 6.15E-06 6.55E-07 2.11E-04 2.75E-05 6.13E-05 
SCBig 2.90E-06 4.42E-07 1.20E-04 1.62E-05 1.21E-05 
SCKR 1.22E-05 2.06E-06 5.37E-04 3.70E-05 2.34E-05 
KRCA 2.37E-06 7.76E-07 7.82E-05 9.90E-05 8.67E-05 
BPKR 2.10E-06 1.84E-05 3.75E-04 6.84E-04 1.26E-04 
Loop 1.58E-06 3.83E-06 4.96E-04 3.62E-05 4.26E-05 
KRM 7.23E-06 3.05E-06 2.16E-04 3.67E-05 3.52E-05 
DDUS 4.21E-07 7.35E-07 4.80E-05 2.39E-06 3.87E-06 
DDDS 5.68E-07 1.65E-07 3.29E-05 9.71E-07 3.81E-06 
ARS 2.06E-06 3.31E-08 1.04E-04 3.45E-06 5.62E-06 
ARM 2.54E-06 1.39E-06 1.75E-06 3.80E-05 6.73E-05 
ETRS 8.99E-06 4.07E-06 1.22E-04 1.46E-05 3.01E-05 
ETRM 1.46E-05 4.48E-06 3.14E-06 2.85E-05 2.15E-05 
OKW 1 6.41E-06 2.72E-06 1.28E-05 1.03E-05 1.58E-05 
OKW 2 1.99E-06 1.11E-05 2.63E-06 1.77E-05 2.85E-05 
OKW 3 3.02E-06 1.11E-06 1.11E-06 1.92E-06 1.32E-05 
Manure 1 4.95E-03 2.72E-05 1.09E-04 1.05E-05 5.67E-06 
Manure 2 3.11E-04 4.70E-06 1.55E-05 4.99E-03 6.08E-03 
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Genes in Water (100 mL) 
Sampling 
Site 
erm(B) tet(W) qnrA sul1 intI1 
13-Jul-16 
KRS 4.54E-06 2.20E-06 1.29E-04 N.D. N.D. 
Maple 1.48E-05 2.29E-06 1.85E-04 N.D. N.D. 
Crevice 1.17E-05 N.D. N.D. N.D. N.D. 
River N.D. N.D. 1.96E-03 N.D. 4.76E-04 
School 2.19E-05 2.82E-06 7.52E-04 8.45E-05 3.24E-04 
KR54 1.05E-05 N.D. 2.58E-04 2.73E-07 N.D. 
Rockledge 8.15E-06 3.31E-06 3.29E-04 8.15E-08 N.D. 
Church 4.68E-05 7.77E-06 3.72E-04 N.D. N.D. 
SCBig 9.62E-06 4.34E-06 3.59E-04 N.D. 1.20E-03 
SCKR 9.93E-05 N.D. 2.33E-03 N.D. N.D. 
KRCA 2.56E-05 N.D. 1.35E-03 2.89E-04 2.42E-04 
BPKR 5.94E-05 N.D. 2.93E-03 1.87E-03 2.37E-03 
Loop 1.58E-05 3.83E-06 2.03E-03 2.50E-04 1.99E-03 
KRM 2.68E-06 N.D. 8.17E-04 1.67E-03 9.42E-03 
DDUS 9.19E-05 N.D. 2.36E-03 N.D. N.D. 
DDDS 3.56E-05 1.11E-04 4.39E-03 1.36E-03 1.34E-03 
ARS N.D. N.D. 7.13E-03 N.D. N.D. 
ARM N.D. N.D. 1.34E-05 6.98E-04 2.00E-03 
ETRS N.D. N.D. 3.23E-03 5.91E-04 8.92E-04 
ETRM 7.79E-05 N.D. 4.00E-03 N.D. 2.13E-04 
14-Sep-16 
KRS N.D. N.D. 2.62E-04 5.07E-05 N.D. 
Maple 1.92E-06 1.65E-06 9.69E-05 6.49E-06 1.72E-04 
Crevice N.D. 4.91E-06 4.83E-05 7.64E-06 1.45E-05 
River N.D. N.D. 1.07E-04 N.D. 7.47E-05 
School 5.02E-07 3.06E-06 2.16E-05 7.73E-06 N.D. 
KR54 4.26E-06 1.36E-06 1.30E-05 1.27E-05 5.34E-04 
Rockledge 1.06E-05 1.29E-05 8.47E-05 2.67E-05 N.D. 
Church 7.95E-06 2.33E-05 5.46E-04 8.85E-05 6.54E-04 
SCBig 3.86E-05 1.91E-05 7.86E-05 1.25E-05 3.70E-04 
SCKR 2.81E-06 2.19E-06 6.40E-05 7.68E-06 1.68E-04 
KRCA 2.39E-06 1.76E-06 5.50E-05 3.82E-06 1.90E-04 
BPKR 2.81E-05 1.41E-06 6.40E-05 2.97E-06 1.13E-04 
Loop 4.71E-06 7.69E-07 1.74E-05 7.73E-05 N.D. 
KRM 6.88E-07 5.69E-07 6.21E-06 2.85E-05 1.54E-04 
DDUS 1.91E-06 3.01E-06 6.64E-05 9.33E-06 5.31E-05 
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DDDS 1.59E-05 6.57E-06 4.63E-05 2.18E-06 9.10E-05 
ARS 4.32E-06 2.86E-05 8.41E-05 7.24E-06 5.55E-05 
ARM 1.15E-05 1.73E-06 1.16E-04 2.02E-05 N.D. 
ETRS 1.49E-05 3.41E-05 9.94E-05 1.19E-05 N.D. 
ETRM 1.59E-05 1.42E-05 3.30E-04 3.12E-05 4.47E-04 
25-Oct-16 
KRS 1.32E-06 2.24E-05 3.69E-04 2.98E-04 1.06E-03 
Maple N.D. 1.62E-05 3.53E-03 2.93E-03 2.00E-02 
Crevice 1.42E-06 2.35E-06 9.28E-05 5.19E-05 4.72E-04 
River N.D. 1.98E-06 8.26E-05 1.72E-04 7.07E-04 
School 4.13E-07 3.04E-06 6.30E-05 3.99E-05 4.53E-04 
KR54 1.68E-06 8.24E-06 1.55E-04 6.03E-05 9.40E-06 
Rockledge 7.33E-06 2.82E-05 2.44E-04 9.78E-04 5.28E-03 
Church N.D. 5.71E-07 5.51E-05 5.45E-06 7.49E-05 
SCBig 1.92E-06 1.71E-06 8.97E-05 9.56E-05 4.79E-04 
SCKR 6.88E-06 5.54E-06 1.48E-04 9.20E-05 6.86E-04 
KRCA N.D. 2.85E-07 1.74E-04 7.91E-05 4.98E-04 
BPKR N.D. 7.35E-06 1.56E-04 1.88E-04 1.53E-03 
Loop N.D. 8.17E-07 3.23E-05 2.95E-03 6.68E-04 
KRM N.D. 1.45E-06 3.21E-04 1.50E-04 9.58E-04 
DDUS - - - - - 
DDDS 3.26E-05 N.D. 3.11E-03 4.35E-03 3.11E-02 
ARS N.D. 3.31E-05 1.48E-03 3.12E-03 2.02E-02 
ARM N.D. 1.01E-06 1.41E-04 1.28E-04 1.18E-03 
ETRS N.D. 4.16E-06 2.06E-04 1.25E-04 1.25E-03 
ETRM 3.48E-06 1.37E-05 2.20E-04 3.47E-04 2.94E-03 
24-Feb-17 
KRS 5.97E-05 1.96E-06 2.79E-05 2.50E-03 3.18E-04 
Maple 2.64E-04 5.78E-06 1.45E-04 3.34E-03 8.20E-04 
Crevice 6.40E-05 6.88E-06 3.58E-05 1.60E-03 1.07E-04 
River 1.23E-04 1.76E-05 8.44E-05 2.11E-03 6.88E-05 
School 9.08E-05 1.21E-05 3.61E-05 1.74E-03 2.46E-04 
KR54 2.50E-04 3.80E-06 2.98E-04 1.41E-03 2.34E-04 
Rockledge 3.79E-05 3.67E-06 1.63E-05 5.38E-04 3.04E-04 
Church 9.55E-05 2.30E-05 3.87E-05 1.67E-03 2.46E-04 
SCBig 1.36E-04 1.52E-05 6.02E-05 1.66E-03 2.06E-04 
SCKR 6.11E-05 3.81E-05 1.10E-04 3.35E-03 3.50E-04 
KRCA - - - - - 
BPKR 4.78E-05 1.11E-05 6.02E-05 1.80E-03 1.53E-03 
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Loop 4.37E-05 2.89E-06 1.72E-05 7.08E-04 9.95E-05 
KRM 4.95E-05 2.62E-06 1.91E-05 6.03E-04 8.99E-05 
DDUS 6.31E-05 5.43E-06 3.48E-05 1.09E-03 4.46E-04 
DDDS 7.03E-05 1.11E-05 4.57E-05 1.96E-03 8.47E-05 
ARS 1.70E-02 1.34E-02 6.65E-03 5.86E-02 1.41E-02 
ARM 2.63E-05 1.21E-05 2.26E-05 5.13E-04 1.09E-04 
ETRS 8.25E-05 3.99E-05 9.47E-05 1.50E-03 1.24E-04 
ETRM 4.58E-05 3.00E-05 7.35E-06 1.69E-04 7.61E-05 
22-May-17 
KRS 1.05E-05 1.23E-05 2.70E-03 1.26E-04 7.98E-05 
Maple 8.08E-06 3.47E-05 1.26E-04 7.23E-05 1.17E-04 
Crevice 1.39E-05 1.27E-05 2.88E-04 1.29E-04 9.33E-05 
River 1.58E-05 2.80E-06 2.00E-04 1.62E-04 2.01E-04 
School 2.07E-05 4.38E-06 1.64E-04 7.16E-04 3.16E-04 
KR54 4.41E-05 2.58E-05 3.02E-03 3.44E-03 1.96E-03 
Rockledge 1.97E-05 2.23E-05 3.25E-04 1.98E-03 1.40E-03 
Church 3.32E-05 1.89E-04 1.12E-02 1.98E-04 1.55E-03 
SCBig 2.02E-05 2.38E-05 1.22E-03 5.65E-03 2.16E-04 
SCKR 5.31E-05 N.D. 3.60E-03 1.02E-03 4.01E-05 
KRCA 1.34E-05 5.67E-05 3.42E-03 2.83E-03 1.51E-03 
BPKR 3.01E-05 1.59E-05 5.63E-04 1.07E-03 6.76E-04 
Loop 1.54E-05 1.50E-06 1.65E-04 5.54E-04 5.95E-04 
KRM 1.75E-05 6.71E-06 1.31E-04 5.97E-04 3.65E-04 
DDUS 6.73E-05 2.15E-05 5.19E-04 3.95E-04 1.57E-04 
DDDS 7.24E-06 8.54E-05 9.08E-04 2.28E-03 6.48E-04 
ARS 3.14E-05 1.06E-05 1.90E-04 3.25E-04 1.79E-04 
ARM 4.86E-06 3.62E-05 1.77E-03 9.32E-05 2.15E-04 
ETRS 4.33E-06 2.36E-06 7.93E-05 3.86E-05 1.99E-05 
ETRM 7.73E-05 4.57E-05 1.33E-03 1.74E-03 5.39E-03 
OKW 1 5.90E-05 8.95E-06 1.36E-02 3.30E-03 1.04E-04 
OKW 2 2.07E-04 1.25E-06 4.01E-03 1.59E-03 3.79E-04 
OKW 3 8.15E-06 4.22E-05 1.63E-03 9.13E-06 1.21E-04 
Manure 1 - - - - - 
Manure 2 - - - - - 
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8.1.12 Table S2-11. 
 
 
Table S2-11. Mean 16S rRNA gene abundances per gram of sediment or 100-mL of water at 23 
sampling sites. 
Samples that were not measured during a specific time point are denoted with a dash (-). 
16S rRNA Gene Abundances 
  
Genes in Sediment (g) 
Sampling 
Site 
16-Jul 16-Sep 16-Oct 17-Feb 17-May 17-Sep 
KRS 9.59E+08 4.83E+09 2.07E+09 1.18E+09 3.42E+09 - 
Maple 2.68E+10 4.83E+09 4.15E+09 1.87E+09 1.09E+10 - 
Crevice 1.10E+10 - 7.07E+08 7.62E+08 7.13E+09 - 
River 3.73E+10 7.70E+08 4.93E+08 2.08E+09 1.38E+10 - 
School 5.79E+10 1.95E+09 3.24E+09 2.39E+09 9.10E+09 - 
KR 54 1.41E+09 1.09E+10 1.31E+09 1.25E+09 1.35E+10 - 
Rockledge 1.55E+09 1.38E+10 6.56E+08 2.81E+09 4.65E+09 - 
Church 1.62E+10 4.54E+09 5.57E+08 - 8.54E+09 - 
SC Big 4.77E+10 7.36E+09 3.96E+09 4.87E+09 1.16E+10 - 
SCKR 3.05E+08 1.00E+09 - 9.85E+09 1.56E+09 - 
KRCA 3.47E+09 1.49E+09 2.03E+09 - 8.93E+09 - 
BPKR 1.21E+10 1.15E+10 7.74E+08 9.19E+09 1.60E+09 - 
Loop 1.23E+10 5.59E+09 7.61E+08 1.75E+09 2.17E+09 - 
KRM 2.01E+09 3.34E+09 7.27E+09 3.65E+09 2.54E+09 - 
DDUS 1.05E+10 2.66E+09 - 4.68E+09 1.29E+10 - 
DDDS 2.30E+10 2.51E+10 1.28E+09 8.24E+09 2.01E+10 - 
ARS 1.85E+10 - 2.88E+09 2.79E+09 1.57E+10 - 
ARM 3.45E+10 6.10E+09 2.60E+09 2.39E+09 3.96E+09 - 
ETRS 2.04E+10 - - 2.25E+09 5.45E+09 - 
ETRM - 3.21E+09 - 2.54E+09 1.54E+09 - 
OKW1 - - - - 8.00E+08 1.03E+09 
OKW2 - - - - 1.36E+09 6.16E+08 
OKW3 - - - - 3.46E+09 3.31E+09 
Manure 1 - - - - 1.59E+10 7.24E+10 
Manure 2 - - - - 3.94E+10 - 
  
Genes in Water (100 mL) 
Sampling 
Site 
16-Jul 16-Sep 16-Oct 17-Feb 17-May 17-Sep 
KRS 6.63E+06 2.67E+06 2.54E+06 1.35E+07 8.53E+05 - 
Maple 1.31E+07 6.44E+06 3.84E+05 3.77E+06 3.95E+06 - 
Crevice 6.89E+06 2.53E+07 1.39E+07 5.82E+06 1.03E+06 - 
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River 6.97E+06 1.00E+07 4.38E+07 3.30E+06 2.48E+06 - 
School 1.59E+07 3.92E+07 1.47E+07 1.20E+07 5.12E+05 - 
KR 54 2.79E+06 1.00E+08 6.25E+07 2.48E+06 3.50E+05 - 
Rockledge 4.08E+07 3.86E+07 1.96E+06 1.91E+07 1.53E+06 - 
Church 3.10E+06 3.84E+06 3.85E+07 8.87E+06 3.35E+05 - 
SC Big 4.00E+06 5.59E+06 1.14E+07 7.62E+06 3.35E+05 - 
SCKR 1.12E+06 1.07E+07 9.03E+06 3.93E+06 2.68E+05 - 
KRCA 5.61E+06 1.95E+07 7.58E+07 - 1.99E+05 - 
BPKR 2.92E+06 1.02E+07 2.92E+06 6.73E+06 4.84E+05 - 
Loop 8.63E+06 4.09E+07 7.26E+07 1.46E+07 1.67E+06 - 
KRM 2.75E+07 2.09E+08 2.42E+07 6.33E+06 5.37E+06 - 
DDUS 1.47E+06 1.09E+07 - 4.64E+06 3.76E+05 - 
DDDS 3.21E+06 1.75E+07 2.23E+05 2.52E+06 7.23E+04 - 
ARS 1.20E+06 1.09E+07 3.65E+05 1.11E+04 7.59E+05 - 
ARM 1.02E+07 1.11E+07 4.59E+07 2.48E+07 6.43E+06 - 
ETRS 9.51E+05 1.08E+07 5.29E+06 4.68E+06 5.60E+05 - 
ETRM 1.40E+06 7.21E+06 4.47E+06 2.11E+07 3.76E+05 - 
OKW1 - - - - 2.55E+05 1.27E+05 
OKW2 - - - - 2.32E+05 - 
OKW3 - - - - 5.79E+06 5.61E+05 
Manure 1 NA NA NA NA NA NA 
Manure 2 NA NA NA NA NA NA 
 
 
8.2 Supplemental Information for Chapter 3 
8.2.1 Table S3-1  
 
Table S3-1. Analyzed traits for Escherichia coli isolates that were phenotype or genotypic ESBL 
producers or plasmid positive. 
Sample 
ID 
Sample 
Source 
Environment 
Resistance Phenotype 
MAR 
Index 
ESBL by 
Phenotype 
blaCTX 
Gene + 
blaTEM 
Gene + 
1275 Clinical 
CFZ-CAZ-FEP-CAX-
AMP-A/S-CIP-AZT-
TOB-GEN-LEV 0.6471 Yes No No 
1276 Clinical CFZ 0.0588 Yes No No 
1842 Clinical 
CFZ-FOX-CAZ-FEP-
CAX-AMP-A/S-CIP-
AZT-LEV 0.5882 Yes No No 
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2561 Clinical 
CFZ-CAZ-AMP-CIP-
TOB-GEN-LEV-T/S 0.4706 Yes No TEM-29 
1269 Clinical AMP-A/S 0.1176 No No TEM-1 
1270 Clinical 
CFZ-AMP-A/S-CIP-
LEV 0.2941 No No TEM-105 
1273 Clinical CFZ-P/T-AMP-A/S- 0.2353 No No TEM-1 
1309 Clinical AMP 0.0588 No No 
Present, not 
sequenced 
1841 Clinical AMP 0.0588 No No TEM-1 
1843 Clinical AMP 0.0588 No No 
Present, not 
sequenced 
1846 Clinical 
AMP-CIP-GEN-LEV-
T/S 0.2941 No No TEM-1 
1848 Clinical AMP-T/S 0.1176 No No TEM-1 
1856 Clinical AMP 0.0588 No No TEM-1 
1857 Clinical AMP-A/S 0.1176 No No 
Present, not 
sequenced 
1895 Clinical AMP 0.2353 No No 
Present, not 
sequenced 
1896 Clinical CFZ-AMP-A/S 0.1765 No No TEM-1 
1921 Clinical CFZ-FOX-AMP 0.1765 No No TEM-1 
2540 Clinical 
CFZ-FOX 
(intermediate 
resistance only) 0.0000 No No 
TEM 
unclassified 
2543 Clinical CFZ-AMP-A/S 0.1765 No CTX-M-15 TEM-1 
2558 Clinical AMP-GEN-T/S 0.1765 No No 
Present, not 
sequenced 
2564 Clinical AMP-A/S 0.1176 No No TEM-1 
2603 Clinical AMP-CIP-LEV 0.1765 No No 
Present, not 
sequenced 
2606 Clinical 
AMP-A/S-CIP-LEV-
T/S 0.2941 No No 
Present, not 
sequenced 
2616 Clinical AMP-CIP-LEV 0.1765 No No TEM-1 
2715 Clinical AMP-A/S 0.1176 No No 
Present, not 
sequenced 
2600 Clinical 
CFZ-AMP-CIP-LEV-
T/S 0.2941 No CTX-M-15 No 
2535 Clinical 
CFZ-CAX-AMP-CIP-
LEV-T/S 0.3594 No No 
TEM 
unclassified 
1318 Clinical AMP-A/S 0.1176 No No No 
2017 
M23 Environmental AMP 0.0588 No No TEM-1 
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M45 Environmental CFZ 0.0588 No No TEM-1 
M25 Environmental AMP 0.0588 No No TEM-1 
M69 Environmental CFZ-AMP-A/S 0.1765 No No No 
E2-4 Manure 
CFZ-FEP-CAX-AMP-
A/S-CIP-AZT-LEV-
T/S 0.5294 Yes 
Present, 
not 
sequenced TEM-1 
E1-10 Manure 
CFZ-CAX-AMP-A/S-
CIP-AZT-LEV-T/S 0.4706 Yes No No 
M6 Manure 
CFZ-FEP-CAX-AMP-
AZT 0.2941 Yes 
CTX-M-
161 No 
2017 
C52 Manure 
CFZ (intermediate 
resistance only) 0.0000 No No 
TEM 
unclassified 
M9 Manure 
CFZ-FOX-CAZ-CAX-
AMP-A/S-TOB-GEN 0.4706 No No TEM-1 
M8 Manure 
CFZ-FOZ-CAZ-CAX-
AMP-A/S 0.3529 No No No 
Sample 
ID 
Sample 
Source 
Environment 
intI1 Gene + 
Plasmid 
Presence 
Plasmid 
Replicon 
Type 
Phylotype 
Biofilm 
formation 
strength 
1275 Clinical No No   B2 0.090 
1276 Clinical No Yes FIC, I1 D 0.119 
1842 Clinical No Yes FIA D 0.099 
2561 Clinical No Yes FIA B2 0.091 
1269 Clinical No No   B2 0.093 
1270 Clinical No No   B2 0.164 
1273 Clinical No Yes 
A/C, T, I1, 
B/O B2 0.311 
1309 Clinical No No   B2 0.092 
1841 Clinical No No   B2 0.096 
1843 Clinical No Yes B/O B1 0.128 
1846 Clinical No Yes P, FIC, FIA B2 0.184 
1848 Clinical No Yes 
A/C, FIC, 
FIA, FIB F 0.102 
1856 Clinical No Yes FIB F 0.132 
1857 Clinical No No   F 0.147 
1895 Clinical No No   F 0.104 
1896 Clinical No No   F 0.101 
1921 Clinical No Yes FIC, N B2 0.109 
2540 Clinical Yes No   F 0.167 
2543 Clinical No No   B2 0.175 
2558 Clinical No No   F 0.129 
2564 Clinical No No   B2 0.082 
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2603 Clinical No No   B2 0.162 
2606 Clinical No No   B2 0.178 
2616 Clinical No Yes 
A/C, FIA, 
I1 B2 0.079 
2715 Clinical No No   B2 0.096 
2600 Clinical No No   B2 0.127 
2535 Clinical No No   B2 0.182 
1318 Clinical No Yes B/O, FIB B2 0.190 
2017 
M23 Environmental No No   B1 0.106 
M45 Environmental No No   unknown 0.131 
M25 Environmental No No   unknown 0.125 
M69 Environmental No Yes FIC unknown 0.107 
E2-4 Manure No No   Clade 1/2 0.132 
E1-10 Manure No Yes 
N/A- no 
clear type Clade 1/2 0.190 
M6 Manure No No   unknown 0.459 
2017 
C52 Manure No No   B1 0.089 
M9 Manure No Yes 
B/O, FIA, 
FIB, I1 B2 0.138 
M8 Manure No Yes 
B/O, FIA, 
FIB, K/B Clade 1/2 0.264 
 
 
8.2.2 Table S3-2.  
 
 
Table S3-2. Comparison of Gower distance of Escherichia coli isolates based on all analyzed traits by 
isolate source and phylotype using permuted MANOVA. Bolded values indicate significant 
differences (p<0.05). 
MANOVA 
Variable Pseudo-F P(perm) 
Isolate Source 4.2451 0.012 
Isolate Phylotype 2.6019 0.011 
Source x Phylotype 2.0158 0.016 
MANOVA Pairwise Tests- Isolate Source 
Groups t P(perm) 
Clinical, Environmental 2.8048 0.002 
Clinical, Manure 2.7558 0.004 
Environmental, Manure 0.41641 0.82 
MANOVA Pairwise Tests- Phylotype B2 
Groups t P(perm) 
Clinical, Environmental 1.6119 0.087 
Clinical, Manure 2.3328 0.042 
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Environmental, Manure 3.351 0.14 
MANOVA Pairwise Tests- Phylotype D 
Groups t P(perm) 
Clinical, Environmental 0.83976 0.595 
Clinical, Manure 1.6258 0.056 
Environmental, Manure 1.043 0.5216 
MANOVA Pairwise Tests- Phylotype E 
Groups t P(perm) 
Clinical, Environmental 2.0077 0.177 
MANOVA Pairwise Tests-Phylotype B1 
Groups t P(perm) 
Clinical, Environmental 0.55627 0.676 
Clinical, Manure 1.8977 0.095 
Environmental, Manure 1.7169 0.089 
MANOVA Pairwise Tests- Phylotype A 
Groups t P(perm) 
Clinical, Environmental 1.2185 0.215 
Clinical, Manure 0.28313 1 
Environmental, Manure 0.66569 0.88 
MANOVA Pairwise Tests- Phylotype F 
Groups t P(perm) 
Clinical, Environmental 1.5916 0.104 
Clinical, Manure 1.6472 0.128 
Environmental, Manure 1.3304 0.214 
MANOVA Pairwise Tests- Phylotype C 
Groups t P(perm) 
Clinical, Environmental 0.44721 1 
Environmental, Manure 0.66667 1 
MANOVA Pairwise Tests- Phylotype Clade 1/2 
Groups t P(perm) 
Environmental, Manure 1.1345 0.583 
 
 
8.2.3 Escherichia coli phylotyping method and representative gel 
A quadraplex PCR protocol developed and optimized by Clermont et al.142 was used to 
determine the evolutionary history of Escherichia coli isolates by classifying them into 
one of eight phylotypes or cryptic clades. Briefly, the protocol requires a quadruplex PCR 
reaction and subsequent agarose gel profile identification to separate isolates into 
individual phylotypes. Two additional simplex PCR reactions may be necessary 
depending upon gel profile to classify isolates into A, C, D, and E phylotypes. A 
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representative gel showing the separation of isolates in this study and associated 
phylotypes is shown below.  
 
 
S3-1. Representative phylotyping gel for Escherichia coli isolates including classification based on gel 
profile pattern. 
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8.3 Supplemental Information for Chapter 4 
8.3.1 Table S4-1.  
 
 
Table S4-1. DistLM marginal tests of the proportion of measured environmental variables influence 
on the variation in microbial community composition. 
Model variables include only those at or nearing statistical significance as determined by P. Bold 
values indicate statistical significance.  
Variable Pseudo-F Proportion of variation explained P* 
N 1.5507 0.028958 0.037 
pH 1.4943 0.027934 0.087 
DO 2.1114 0.03902 0.006 
Coliforms 1.9776 0.036637 0.011 
E_coli 1.5577 0.029085 0.038 
Be 2.283 0.042058 0.003 
Mg 1.587 0.029615 0.036 
K 3.2379 0.058618 0.001 
Ca 1.5531 0.029001 0.073 
V 2.3555 0.043335 0.002 
Fe 1.5638 0.029195 0.07 
Co 2.1926 0.040459 0.002 
Ni 2.1757 0.04016 0.007 
As 2.3797 0.043761 0.006 
Se 1.7105 0.031846 0.025 
Mo 2.0361 0.037681 0.007 
Ag 2.1516 0.039732 0.003 
Ti 1.8445 0.034257 0.013 
Pb 1.5611 0.029147 0.042 
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8.3.2 Table S4-2. 
 
 
Table S4-2. Permuted multivariate analysis of variance results for comparisons of microbial 
community composition beta diversity based on Bray-Curtis dissimilarity. Bolded values indicate 
significant differences (p<0.05). 
MANOVA 
Variable Pseudo-F P(perm) 
Sampling Month 1.9611 0.002 
Sample Watershed 3.4723 0.001 
Sample Location nested in Sample Watershed 3.9108 0.001 
MANOVA Pairwise Tests- Watershed 
Groups t P(perm) 
Kewaunee, Ahnapee 1.6352 0.001 
Kewaunee, Red River and Sturgeon Bay 1.642 0.003 
Ahnapee, Red River and Sturgeon Bay 1.7482 0.001 
MANOVA Pairwise Tests- Location within Kewaunee Watershed 
Groups t P(perm) 
Downstream, B1 2.3095 0.001 
Downstream, B2 1.3878 0.008 
Downstream, B3 1.9258 0.002 
B1, B2 2.3057 0.001 
B1, B3 1.7388 0.005 
B2, B3 2.0373 0.001 
 
 
8.3.3 Table S4-3. 
 
 
Table S4-3. Dissimilarity test of microbial community composition based on Bray-Curtis 
dissimilarity in response to manure fertilization disturbance via ANOSIM analysis*. 
Branch 1 
  
Before 
Disturbance 
Manure Fertilization 4 months post 5 months post 
Before 
Disturbance  0.943 0.629 0.743 
Manure 
Fertilization -0.167  0.114 0.286 
     
4 months post -0.031 0.188  0.771 
5 months post -0.104 0.094 -0.094  
     
Branch 2 
  
Before 
Disturbance 
Manure Fertilization 4 months post 5 months post 
Before 
Disturbance  0.029 0.057 0.029 
Manure 
Fertilization 0.481  0.029 0.029 
4 months post 0.407 0.469  0.914 
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Table S4-3 Continued. 
5 months post 0.667 0.75 -0.281  
     
Branch 3     
  
Before 
Disturbance 
Manure Fertilization 4 months post 5 months post 
Before 
Disturbance  1 1 1 
Manure 
Fertilization -0.5  1 1 
4 months post -0.5 -0.5  1 
5 months post -0.5 -0.5 -0.5  
     
Downstream     
  
Before 
Disturbance 
Manure Fertilization 4 months post 5 months post 
Before 
Disturbance  0.029 0.057 0.029 
Manure 
Fertilization 0.648  0.257 0.057 
4 months post 0.407 0.104  0.714 
5 months post 0.815 0.333 -0.052  
     
OKW     
  
Before 
Disturbance 
Manure Fertilization 4 months post 5 months post 
Before 
Disturbance  NA NA NA 
Manure 
Fertilization NA  0.6 0.6 
4 months post NA 0  0.6 
5 months post NA -0.167 -0.167  
 
*Upper triangle values represent p values of the ANOSIM test while lower triangle values represent the 
ANOSIM R statistic. Bolded values are significant. NA values signify one of the comparison dates was not 
sampled (here, February pre-disturbance samples).  
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8.3.4 Table S4-4.  
 
 
Table S4-4. Diversity of identified genera and species containing potential human pathogens in 
benthic sediments of northeastern Wisconsin. 
Genera are denoted in bold type. 
Acidaminococcus Leptospira 
Acinetobacter Lysinibacillus 
   Acinetobacter lwoffi Mycobacterium 
Aerococcus    Mycobacterium doricum 
Aeromonas Mycoplasma 
   Aeromonas sobria Myroides 
Alloprevotella Ochrobactrum 
Arcobacter Odoribacter 
   Arcobacter cryaerophilus Paenibacillus 
   Arcobacter skirrowii Pantoea 
Bacillus Parabacteroides 
Bacteroides Propionibacterium 
Brevundimonas Pseudomonas 
Chryseobacterium    Pseudomonas alcaligenes 
Comamonas    Pseudomonas oryzihabitans 
Coxiella Pseudonocardia 
Delftia Psychrobacter 
Enterobacter Ralstonia 
Enterococcus Rhodococcus 
Erysipelothrix    Rhodococcus rhodochrous 
Escherichia/Shigella Rickettsia 
   Escherichia/Shigella coli Serratia 
Fibrobacter Sphingomonas 
Flavobacterium Staphylococcus 
Gordonia Stenotrophomonas 
Klebsiella Sutterella 
Legionella Yersinia 
Lelliottia  
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8.3.5 Table S4-5. 
 
 
Table S4-5. Pathogens detected to the species level separated by month and river location. 
 February May September October 
Branch 1 Mycobacterium 
doricum 
Aeromonas sobria 
Pseudomonas 
alcaligenes 
Acinetobacter lwoffli 
Aeromonas sobria 
Arcobacter 
cryaerophilus 
Escherichia coli/ 
Shigella coli 
Mycobacterium 
doricum 
Acinetobacter lwoffli 
Aermonas sobria 
Arcobacter 
cryaerophilus 
Arcobacter skirrowii 
Mycobacterium 
doricum 
Pseudomonas 
alcaligenes 
Rhodococcus 
rhodochrous 
Branch 2 Aeromonas 
sobria 
Mycobacterium 
doricum 
Pseudomonas 
alcaligenes 
Rhodococcus 
rhodochrous 
Acinetobacter lwoffli 
Aeromonas sobria 
Arcobacter 
cryaerophilus 
Arcobacter skirrowii 
Pseudomonas 
alcaligenes 
Aeromonas sobria 
Pseudomonas 
oryzihabitans 
Acinetobacter lwoffli 
Aermonas sobria 
Arcobacter 
cryaerophilus 
Pseudomonas 
alcaligenes 
Branch 3 Aeromonas 
sobria 
Arcobacter 
cryaerophilus 
Escherichia 
coli/Shigella 
coli 
Pseudomonas 
alcaligenes 
Aeromonas sobria 
Escherichia coli/ 
Shigella coli 
Aeromonas sobria 
Arcobacter 
cryaerophilus 
Arcobacter skirrowii 
Aeromonas sobria 
Downstrea
m 
Acinetobacter 
lwoffli 
Arcobacter 
cryaerophilus 
Mycobacterium 
doricum 
Acinetobacter lwoffli 
Aeromonas sobria 
Acinetobacter lwoffli 
Aeromonas sobria 
Pseudomonas 
alcaligenes 
Aeromonas sobria 
Escherichia coli/ 
Shigella coli 
Mycobacterium 
doricum 
Pseudomonas 
alcaligenes 
OKW NA Aermonas sobria Aeromonas sobria 
Pseudomonas 
alcaligenes 
Aeromonas sobria 
DD Aeromonas 
sobria 
Rhodococcus 
rhodochrous 
Aeromonas sobira 
Pseudomonas 
alcaligenes 
NA Aeromonas sobria 
Pseudomonas 
alcaligenes 
Manure NA Acinetobacter lwoffli 
Aeromonas sobria 
Arcobacter 
cryaerophilus 
Arcobacter skirrowii 
Rhodococcus 
rhodochrous 
Acinetobacter lwoffli 
Arcobacter 
cryaerophilus 
Arcobacter skirrowii 
NA 
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8.3.6 Figure S4-1. 
 
 
 
Figure S4-1. Types of ecological disturbance graphically depicted.  
 
 
 
8.3.7 Figure S4-2.  
 
 
 
 
Figure S4-2. Community responses to ecological disturbance.  
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8.4 Supplemental Information for Chapter 5 
 
 
8.4.1 Table S5-1. 
 
 
Table S5-1. Background chemistry of materials used for experimental mesocosms. 
  Raw Manure Sterile Manure Raw Sediment 
Total Nitrogen (mg/g) 3.5 3.6 0.6 
Organic Nitrogen (mg/g) 2.5 3.1 0.6 
Ammonium Nitrogen (mg/g) 1.01 0.54 0.01 
Nitrate Nitrogen (mg/g) <0.01 <0.01 <0.01 
Phosphorus (mg/g) 0.7 0.7 <0.05 
Moisture % 87.60 86.80 15.60 
Total Carbon (mg/g) 50.61 60.4 20.54 
pH 7.3 7.5 8.3 
C:N Ratio 16:01 17:1 42:1 
Chlortetracycline (ug/kg) N.D. N.D. 2.01+/-0.37 
 
 
8.4.2 Table S5-2.  
 
 
Table S5-2. Starting volume of sterile manure or raw manure added to mesocosms and sterile 
manure equivalent values of added to the inorganic chemical treatment. 
  Sterile Manure Raw Manure 
Total g of Material Added  6.62  7.90 
Ammonium Nitrogen (mg/L)+ 2.90-3.30 6.50-7.60 
Nitrate Nitrogen (mg/L)+ 1.25-1.65 0.45-0.56 
Phosphorus (mg/L)+ 1.30-3.30 2.30-4.80 
Dissolved Organic Carbon Equivalent* (mg/L) 200 200 
    
  Inorganic Chemical  
Equivalent Ammonium Added (Ammonium Sulfate, mg/L) 2.40-3.00  
Equivalent Nitrate Added (Sodium Nitrate, mg/L) 1.35-1.70  
Equivalent Phosphate Added (Potassium Phosphate, mg/L) 2.30-3.30  
Equivalent Carbon Added (Dextrose, mg/L) 200  
   
Chlortetracycline was added to + AB mesocosms at a concentration of 68.8ug/kg, double the highest 
concentration of this antibiotic found in SCKR sediments.  
+Nutrient range based on triplicate measurements pre-mesocosm setup used to calculate chemical 
concentrations added to the inorganic chemical mesocosms.  
*Dissolved organic carbon calculated by taking total organic carbon added and dividing by two. 
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8.5.3 Table S5-3.  
 
 
Table S5-3. PCR primer sequences and other pertinent information related to the use of qPCR in this 
study. 
Gene 
PCR primer sequence (5'-
3') 
Amplicon 
size (bp) Reference 
Limit of 
Detection 
(gene copies) 
Annealing 
Temperature 
tetA 
GCT ACA TCC TGC TTG 
CCT TC 
CAT AGA TCG CCG 
TGA AGA GG 210 
Ng. et al. 
2001 281 124 60℃ 
tetL 
TCG TTA GCG TGC TGT 
CAT TC 
GTA TCC CAC CAA TGT 
AGC CG 276 
Ng. et al. 
2001281 61 60℃ 
tetW 
GAG AGC CTG CTA TAT 
GCC AGC 
GGG CGT ATC CAC 
AAT GTT AAC 168 
Aminov et 
al. 2001 
282 133 60℃ 
tetQ 
AAT TAC TGT TCG GGC 
TTC TA 
GCT TGT ATG CCT TCC 
TTT GC 169 
Maeda et 
al. 2003 
283 354 60℃ 
16S rRNA 
CCT ACG GGA GGC 
AGC AG 
ATT ACC GCG GCT GCT 
GG 173 
Muyzer et 
al. 1993 
284 3443 58℃ 
 
 
8.5.4 Table S5-4.  
 
 
Table S5-4. Functions that differ within mesocosms over time. 
KO Function 
KO08260 adenosylcobinamide hydrolase 
KO06001 tryptophan synthase beta chain 
KO02316 DNA primase 
KO05816 sn-glycerol 3-phosphate transport system ATP-binding protein 
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8.5.5 Table S5-5.  
 
 
Table S5-5. Chlortetracycline concentrations (ug/L) in mesocosm surface water on Day 1 and Day 21 
of the experiment. 
 
 
 
 
  
Mesocosm Treatment Day 1 Day 21 
Sediment only (control) N.D. N.D. 
Sediment only (control) N.D. N.D. 
Sediment only (control) N.D. N.D. 
Sediment + Inorganic Chemicals N.D. N.D. 
Sediment + Inorganic Chemicals N.D. N.D. 
Sediment + Inorganic Chemicals N.D. N.D. 
Sediment + Sterile Manure N.D. N.D. 
Sediment + Sterile Manure N.D. N.D. 
Sediment + Sterile Manure N.D. N.D. 
Sediment + AB 58.89 N.D. 
Sediment + AB 59.64 N.D. 
Sediment + AB 58.78 N.D. 
Sediment + Inorganic Chemicals + AB 51.76 3.90 
Sediment + Inorganic Chemicals + AB 54.79 3.52 
Sediment + Inorganic Chemicals + AB 54.74 3.60 
Sediment + Sterile Manure + AB 58.01 4.80 
Sediment + Sterile Manure + AB 64.82 4.16 
Sediment + Sterile Manure + AB 63.54 4.17 
Sediment + Raw Manure N.D. N.D. 
Sediment + Raw Manure N.D. N.D. 
Sediment + Raw Manure N.D. N.D. 
Sediment  + Raw Manure + AB 42.30 3.79 
Sediment  + Raw Manure + AB 39.83 2.86 
Sediment  + Raw Manure + AB 31.56 1.67 
N.D.: Not detected (< LOD, 0.05 ug/L) 
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8.5.6 Artificial Freshwater Recipe.  
100X stock solutions were prepared in 500 mL of deionized water for the following 
chemicals:  
o CaCl2 (FM 110.99): 14.75 g 
o MgCl2: 6.125 g 
o NaHCO3: 3.25 g 
o KCl: 0.25 g 
Solutions were mixed and autoclaved for 30 minutes at 120℃. Sterile solutions were 
diluted to 1X concentration using sterile deionized water for use in all mesocosms.  
8.5.7 Optimization of PrestoBlue ATP Assay 
The PrestoBlue assay was optimized by assessing assay sensitivity and linearity of the 
reagent over time using overnight pure culture Escherichia coli, raw manure, raw 
sediment, phosphate buffered saline (background control), and sterile water (background 
control). Overnight pure cultures required approximately 30 minutes incubation time at 
37℃ to reach linearity of the reagent before plateau while raw samples required a 
minimum of 10 hours incubation with the highest sensitivity and linearity at 12 hours for 
both raw manure and sediment. For raw samples that were not incubated overnight, 1 g of 
homogenized sample was mixed with 9 mL of phosphate buffered saline for 1 hour at 
200 rpm and directly added to the fluorescence plates (90 mL) in conjunction with the 
PrestoBlue reagent (10 mL). Plates were incubated at 37℃. The lower cell density within 
these samples necessitated the need for longer incubation times allowing the cells to 
interact with the reagent. Linearity was confirmed over 5 dilutions for both raw sediment 
and raw manure, thus 12 hours at 37℃ was used for mesocosm PrestoBlue assays.  
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8.5.8 Figure S5-1.  
 
 
 
Figure S5-1. Mesocosm chemistry before sediment addition for each treatment (Day 0). 
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8.5.9 Figure S5-2. 
 
 
 
Figure S5-2. Heterotrophic plate counts are presented as the average replicate mesocosms which 
included a total of nine replicates (three plates per mesocosm). 
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8.5.10 Figure S5-3.   
 
 
 
Figure S5-3. Diversity indices of mesocosms and raw samples. 
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8.5.11 Figure S5-4. 
 
 
 
Figure S5-4. PrestoBlue activity (proxy for ATP activity) of mesocosm sediments. The * symbol 
denotes significant difference of the measured treatment compared to the control as defined by two-
way ANOVA.  
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8.5 Supplemental Information for Chapter 6 
 
8.5.1 Figure S6-1. 
 
 
 
Figure S6-1. Summary of all LEfSe biomarker taxa by compartment. Effluent 1= Pre-Chlorinated 
Effluent, Effluent 2= Post-Chlorinated Effluent. 
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8.5.2 Figure S6-2. 
 
 
 
Figure S6-2. Average colony forming unit counts from three sampling timepoints of Escherichia coli 
in each compartment of the WWTP system on A) mTec agar, B) mTec agar plus 4 µg/mL 
ceftazidime, and C) the average percentage of ceftazidime resistant Escherichia coli. 
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8.5.3 Figure S6-3.  
 
 
 
Figure S6-3. Map of Milwaukee area sediment sampling sites. 
Sampling site descriptions (red dots): Jones Island- immediately below the JI WWTP 
outfall, Outer Harbor- downstream of the JI WWTP outfall, Inner Harbor- at the 
convergence of the three rivers flowing through Milwaukee, WI which include 
stormwater outfalls and is highly polluted due to boat traffic, Atwater- outside the 
influence of WWTP and heavy anthropogenic pollution. 
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8.5.4 Table S6-1. 
 
 
Table S6-1. Diversity of potential pathogens mapped to the species level in WWTP compartments 
and Post-Chlorinated culturable samples. 
Potential pathogen species 
identified in WWTP 
compartments 
WWTP compartmenta WWTP Compartmentb with 
highest relative abundance 
Acinetobacter johnsonii Hospital Effluent, Downstream 
Sediment 
Hospital Effluent 
Acinetobacter soli Influent, CEF culturable Influent 
Actinomyces odontolyticus Hospital Effluent, Influent Hospital Effluent 
Arcobacter butzleri Hospital Effluent, Influent Influent 
Arcobacter cryaerophilus Hospital Effluent, Influent, Pre- 
Chlorinated Effluent, Post-
Chlorinated Effluent, 
Downstream Sediment 
Hospital Effluent 
Bacillus cereus CEF culturable, control 
culturable 
NA, only present in culturable 
sequences 
Bacillus pumilus CEF culturable NA, only present in culturable 
sequences 
Bilophila wadsworthia Hospital Effluent Hospital Effluent 
Chryseobacterium indologenes Influent, CEF culturable, 
Downstream Sediment 
Influent 
Citrobacter freundii Hospital Effluent Hospital Effluent 
Eggerthella lenta Hospital Effluent Hospital Effluent 
Elizabethkingia miricola Pre-Chlorinated Effluent Pre-Chlorinated Effluent 
Enterococcus saccharolyticus Pre-Chlorinated Effluent Pre-Chlorinated Effluent 
Flavobacterium succinicans Hospital Effluent, Influent, Pre-
Chlorinated Effluent, Post-
Chlorinated Effluent, 
Downstream Sediment 
Post-Chlorinated Effluent 
Fusobacterium ulcerans Hospital Effluent, Influent Influent 
Haemophilus parainfluenzae Hospital Effluent, Influent Influent 
Plesiomonas shigelloides Hospital Effluent, Influent, Pre-
Chlorinated Effluent, Post-
Chlorinated Effluent 
Post-Chlorinated Effluent 
Porphyromonas somerae Hospital Effluent Hospital Effluent 
Prevotella timonensis Hospital Effluent Hospital Effluent 
Pseudomonas alcaligenes Hospital Effluent, Influent, Pre-
Chlorinated Effluent, Post-
Chlorinated Effluent 
Pre-Chlorinated Effluent 
Pseudomonas anguilliseptica Hospital Effluent, Influent Influent 
Pseudomonas oryzihabitans Influent, control culturable Influent 
Pseudomonas pseudoalcaligenes Hospital Effluent, Influent Hospital Effluent 
Pseudomonas putida Hospital Effluent Hospital Effluent 
Sphingomonas koreensis Hospital Effluent Hospital Effluent 
Stenotrophomonas maltophilia Hospital Effluent, Influent Influent 
Streptococcus equinus Influent, Pre-Chlorinated 
Effluent, Post-Chlorinated 
Effluent 
Pre-Chlorinated Effluent 
Streptococcus mutans Influent Influent 
Streptococcus parauberis Influent Influent 
Sutterella wadsworthensis Hospital Effluent, Influent Hospital Effluent 
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Table S6-1 Continued. 
aWWTP compartment (Hospital Effluent, Influent, Pre-Chlorinated Effluent, Post-Chlorinated Effluent) 
or cultured communities from filters cultured with no antibiotic (control), ceftazidime (CEF), or 
meropenem (MER).  
bWWTP compartment with highest abundance only; cultured microbial communities are not reflected 
here.   
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